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Abstract
  The innermost Galilean satellite,  Io, is known as the most active volcanic body in our 
solar system because of the strong tide caused by Jupiter. The interaction between  Io and 
Jovian magnetosphere produces some pronounced phenomena in the planetary electromagnetic 
environment. Volcanic material of  Io (mainly S and 0 species) is continuously ejected from 
 Io and becomes the major plasma source in the Jovian magnetosphere. As soon as they are 
ionized, they are trapped by the Jovian magnetic field. In this way, the  Io plasma torus is 
created surrounding Jupiter. 
  The  Io plasma torus is a high-dense plasma cloud.  Ions in the plasma torus make emissions 
by collisional excitation with electrons. These emissions can be observed with the ground-based 
telescope and has significant information on the transportation and dynamics of both gas and 
plasma in and around the  Io plasma torus. Therefore, an optical observation of the plasma 
torus becomes a useful probe to investigate the Jovian plasma environment from the ground. 
  In this study, we made imaging observations of  [SIT] 673.1 nm and  [SII] 671.6 nm emissions 
from the  Io plasma torus during 4 years. To come true such observations, we developed the 
transportable telescope system and observation method. 
  We extracted variations from imaging data of the  [SIT] 673.1 nm emission from the  Io plasma 
torus, and obtained following results.
(1)  [SII] intensity has little dependence on the System III longitude  (Am), although the 
   apparent motion of the entire torus structure is synchronized by the System  III Jovian 
   rotation period. This result requires the alternative interpretation on the longitudinal 
   asymmetric distributions of the plasma torus. 
(2) There are sporadic enhancements of intensity around the region of  120°  <  <180° in 
  the 1998 and 1999 observations, indicating that the plasma injection is developed in a 
   peculiar phase of the planetary rotation. 
 iii
iv
(3)  [SH] intensity shows day-to-day variation without the relation to the planetary rotation 
   phase. This variation is probably thought to be mainly caused by temporal variations in 
   the volcanic activity. 
(4)  [SIT] average intensities show yearly variation exhibiting the gradual decrease for these 4 
   years, especially in the 2000 - 2001 observation. 
(5) The dawn-dusk asymmetry was confirmed both in position of the ribbon and emission 
  intensity. Positional difference between the dawn and the dusk of  Rj  Rj 
  displacement toward the dawn) was derived from the 1998 to 2000 - 2001 observations. 
(6) The radial profile of  [SIT] 673.1 nm varied from a single peak structure in the warm plasma 
  torus to twin peak structure in the cold torus and warm during the period from 1998 to 
   2001. 
(7) Using the ratio of averaged radial profile of  [SIT] 671.6 nm to  [SIT] 673.1 nm, the statis-
  tical electron density profiles were estimated along the centrifugal equator. The electron 
  density showed large decrease in the 2000 - 2001 observation. 
(8) From the periodicity search using the  Lomb-Scargle periodogram, we found  ,,,10.2 h 
  periodicities in  [SIT] 673.1 nm emission intensity between the 1998 and 2000 - 2001 ob-
  servations.  [SII] 673.1 nm intensity showed good relation to the newly defined System IV 
  (2001) longitude.
  The observational data showed dynamical feature both in short and long term, indicating 
the various changes in plasma environment in the plasma torus. Based on the observational 
results and physical discussions, we derived following conclusions. 
 (1)  [SII] 673.1 nm emission intensity does not have the System III dependence, but has the 
    10.2 h periodicity. 
 (2) Sporadic enhancement takes place in the particular domain in System III - System IV 
    diagram. This is thought to be caused when a combination of the synodic period of 10.2 h 
    period with System III period of 9.925 h and some additional conditions such as volcanic
    activity of  Io are satisfied.
 V
(3) It is suggested from long term variation that there are two components in the plasma 
   source. The one is the steady supply, and the other is the sporadic one. 
(4) Gradual yearly decrease of  [SIT] 673.1 nm intensity suggests that volcanic activity of  To 
   seemed to be in the declining phase in the recent four years. 
(5) Total emitting power of  [SIT] 673.1 nm was estimated to be an order of 1010 W, on 
   average. 
(6) The magnitude of the dawn-to-dusk electric field was kept constant within the spatial 
  resolution of our instrument, in spite of large changes in  [SIT] emission intensity. 
(7) The average radial profiles showed large change near the position of the ribbon, which 
  the positions of r >5  Rj and r  Rj were not so changed. This result is important in 
   considering the plasma transport and loss mechanisms in the plasma torus. 
(8) The estimated electron density in the 2000 - 2001 observation was too small to account for 
  the observed emission intensity. Although this may partly because of the small problem in 
   data reduction, the inclusion of supurathermal electrons for excitation of ions is suggested. 
(9) Although the physical explanation for the cause of 10.2 h periodicity could not be proposed 
  in this study, it is certain that the periodicity as the Jovian system exists and related to 
   the same plasma phenomena and the generation of some kind of Jovian radio waves.
VI
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  Jupiter is the largest planet in our solar system and has a strong magnetic moment. Because 
of the strong intrinsic magnetic field and fast rotation of Jupiter itself (System III rotation pe-
riod : 9 h 55 m 29.711 s), there are large differences in the Jovian magnetosphere compared 
with that of the Earth such as interactions with the solar wind, plasma sources, the location 
of aurora oval with respect to the magnetic local time. Among the differences with the ter-
restrial magnetosphere, the existence of the satellite  Io is making one of the most remarkable 
magnetospheric phenomena. 
  It is well known that there are four large satellites in the Jovian system, called the Galilean 
satellites.  Io is in the innermost orbit of these satellites whose average distance is about 5.91  Rj 
(Rj: Jovian equatorial radius = 71,492 km) from Jupiter and its orbital and rotational periods 
are synchronized as 1.7691 days (42.46  h). The size of  Io (equatorial radius = 1821 km) is 
somewhat larger than that of the moon of the Earth (equatorial radius = 1738 km). Because of 
the velocity difference of about 57 km/s between the Jovian magnetic field rotation at  Io's orbit 
and  Io's orbital motion and the Jovian magnetic field 2000 nT at  Io's orbit), the potential 
across a diameter of  Io becomes about 410 kV. Thus,  to has some outstanding interactions with 
the Jovian electromagnetic environment. A schematic image of the inner magnetosphere of 
Jupiter is shown in Figure 1.1. The first discovery of  Io-Jupiter interaction was the modulation 
of the Jovian decametric radiation (DAM) with respect to the phase angle of  Io (Bigg  [1964]). 
When  Io is near the particular phase angle, intensity of DAM increases. This type of DAM is 
known as  Io-related DAM. 
 In 1979, the Voyager 1 spacecraft discovered the most important phenomenon; i.e., there 







Figure 1.1: Schematic image of the Jovian inner magnetosphere 
interaction. The innermost satellite, which is connected to the 
flux tube, is  Io (after John Spencer, Lowell observatory).
and  Jupiter-Io electromagnetic 
Jovian ionosphere by way of a
observed some active volcanoes on  To. However, it is quite interesting that their activities were 
changed during the Voyagers 1 and 2 flybys, the period of only about 4 months. There was no 
plume on Pele, which was the most active volcano at the time of the Voyager 1 flyby. About 20 
years later than the Voyager era, the Galileo orbiter also observed  Io's volcanoes and discovered 
new volcanic features on  Io. The volcanic activity of  10 is variable in a short period, but has 
never stopped at least since its discovery.  Io is very young in geologic point of view, and is the 
most active volcanic body in the solar system. 
  The major components of  Io's volcanic gasses  are SO2 family  (SO2, SO, 02,  S, 0, and so 
on). Some of these materials lay on the surface of  To as frost, others create the atmosphere. 
They seem to be continuously ejected from  Io mainly through the sputtering process by high 
energy particles from the Jovian magnetosphere. In other words,  Io is continuously supplying 
the materials into the magnetosphere. After the ejection from  Io, volcanic materials are ionized 
through some reactions such as electron impact and charge exchange, and as soon as they are 
ionized, they start to corotate with the planetary magnetic field as a result of  "frozen-in".
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Table  1.1: Candidates for the origin of plasma in the Jovian magnetosphere and estimated 
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In this way, a doughnut-shaped structure of high density plasma, called the  Io plasma torus 
(as illustrated in Figure 1.1) is created and also  Io and the plasma torus become the major 
plasma source in the Jovian magnetosphere. As shown in Table 1.1, total supply rate of plasma 
from  Io is estimated to be an order of  103 kg/s (Hill et al. [1983]). It is much larger than any 
other sources in the Jovian magnetosphere. From the ground-based spectrographic observation, 
Brown [1994] also estimated the total mass loading rate to be 3040 + 400 kg/s on dawn and 2000 
± 300 kg/s on dusk, when a height integrated Pedersen conductivity of Jupiter's ionosphere is 
assumed to be 1 mho. 
  It is almost no doubt that the origin of heavy ions in the Jovian magnetosphere, especially S 
and  0 species, is  Io. When the Ulysses spacecraft explored through the Jovian magnetosphere, 
high energy heavy ions were observed far beyond the orbit of  Io (Lanzelotti et al.  [1992]). The 
Galileo orbiter also observed high energy heavy ions in the distant magnetosphere. These  are 
the evidences that  10 is the major source of plasma in the entire magnetosphere. 
  In recent Jovian auroral study, the  Io flux tube (IFT) footprint aurora of  H3 3.4 pm emis-
sions was discovered using the IRTF 3 m telescope (Connerney et al.  [1993]). It is suggested 
that there are some relations between the IFT aurora and  10-related DAM emissions. After 
the discovery, the IFT aurora was also observed with Hubble Space Telescope (HST) in far-
ultraviolet wavelength  (H Lyman  a, H2 Lyman and Werner bands; Clarke et al. [1996], Clarke 
et al.  [1998]) and the Solid State Imager (SSI) onboard the Galileo orbiter in visible wavelength 
(Ingersol et al. [1998]). The location of the IFT footprint aurora has a useful information on 
the surface magnetic field (see Figure 1.1), which has been unable to observe with spacecraft. 
Using the position of the IFT aurora, a new magnetic field model named the VIP4 model was 
proposed (Connerney et al.  [1998]).
4
1.2 The  To Plasma Torus
CHAPTER 1.  INTRODUCTION
  In 1973, neutral sodium D1 and D2 emissions  (NaI;  AA 589.6, 589.0 nm), which were emitted 
from and around the satellite  Io, were discovered by Brown's ground-based observation (Brown 
[1974]). After the discovery, spectroscopic surveys were carried out to look for new species 
around  Io. As a result of such observations, Kupo et al. [1976] detected the forbidden line 
emissions of singly ionized sulfur (hereafter  [SIT];  as 673.1, 671.6 nm) near the orbit of  To in 
1975. It was the discovery of the  Io plasma torus. 
  Ions in the plasma torus are excited by electron impact and emit photons in the wide 
wavelength between extreme ultraviolet and near infrared (Brown et al. [1983]). These emissions 
have been observed with ground-based telescopes, Earth-orbiting satellites (Gladstone and Hall 
[1998]) and spacecraft (Broadfoot et al. [1979], Sandel and  Broadfoot [1982a,b]). 
  As illustrated in Figure 1.1, the  Io plasma torus is completely surrounding Jupiter. Because 
of a tilt of the planetary magnetic axis with respect to the rotational axis, which is expressed 
as a 10°) in Figure 1.2, and fast rotation of Jupiter, a centrifugal force plays an important 
role in the distribution of low energy plasma in the magnetosphere. Plasma in the  Io torus 
is approximately confined along the so-called centrifugal equator (Hill et al.  [1974]), which is 
defined as the farthest point from the rotational axis along a field line and is the equilibrium 
position for cold plasma, as shown in Figure 1.2. The centrifugal equator is tilted with respect to 
the rotational equator by about 2/3 a (numerically  6.6°). Ground-based imaging observations 
also support this value.
  Based on both the ground-based and Voyager 1 in situ and remote observations, the  Io 
plasma torus is divided into three distinct regions (Trauger [1984]), as shown in Figure 1.3. 
Typical heavy ion distributions based on the Voyager 1 plasma science (PLS) experiment are 
also shown in Figures 1.4 and 1.5. These models of electrons and ions in the plasma torus shown 
in Figures 1.3, 1.4 and 1.5 are obtained with diffusive equilibrium along a field line based on in 
situ observations along the Voyager 1 trajectory (Bagenal [1994]). In  these three regions, there 
are some differences both in density and temperature of ions and electrons. 
  The innermost region is called the cold torus (about 5 - 5.6  Rj). As can be seen in Figure 1.3, 
this region is characterized by low temperature and high density. Since ion temperature (Ti) is 
low (a few eV), UV emissions are too weak to be observed. In addition, electron temperature 
(Te) is too low to observe with Voyager 1 PLS. On the contrary, electron and ion densities  (ne 
and  n1) are high (ne  ti 1000  cm-3), hence visible emissions of  [SIT] and  [OII] (forbidden lines
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Figure 1.2: Schematic image of the Jovian equators. Because of a tilt of the magnetic pole with 
respect to the rotational axis  (a  ti  101 and fast rotation of Jupiter, plasma is confined along 
the centrifugal equator, an equilibrium position of plasma along a field line. An inclination 
angle of the centrifugal equator with respect to the rotational equator is expressed numerically 
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Figure 1.3: (a)Electron density distribution model in the meridional plane of the  Io plasma 
torus based on the Voyager 1 PLS  (Sittler and Strobel [1987]) and PRA  ( Warwick et  al. [1979]) 
observations (Bagenal  [1994]). The radial profiles of (b) electron density and (c) ion temperature 
along the centrifugal equator are also plotted. From the distribution of density and temperature, 
the  Io plasma torus is classified into three regions; i.e., the cold torus, the ribbon and the warm 
outer torus, as shown in right panels.
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Figure 1.4: Meridional distribution of typical heavy ions in the  Jo plasma torus at  A111 =  292°. 
(a)  0+, (b)  S+, (c)  0++, (d)  S++, (e)  S+++ and (f)  Na+ are shown. These empirical models 
are based on Voyager 1 PLS observation and diffusive equilibrium along a magnetic field line 
(Bagenal  [1994]).
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Figure 1.5: Typical ion composition and their density distributions along the centrifugal equa-
tor (Bagenal 119941).  0+ (solid),  S+ (dashed),  0++ (dash-dotted),  S++ (dotted), and  S+++ 
(dash-dotted-dotted-dotted) densities are plotted. In the cold torus and ribbon,  S+ and  0+ are 
dominant species and contribution of higher charge state ions are quite small. On the other 
hand, in the warm torus, relative abundance of higher charge state ion is larger.
of S+ and  0+ ions) are observable. The Voyager 1 PLS observation showed the peak of S+ 
ion density in this region as shown in Figure 1.4 (b) and Figure 1.5. The cold temperature in 
this region results from a more rapid radiative cooling by collisional excitation compared with 
the inward diffusion rate of ions from  Io's orbit (Richardson et al.  [1980]). When viewed from 
the ground, emissions of this region contain a large fraction of geometrical effect. Therefore, it 
is difficult to extract meaningful physical parameters from this region using the ground-based 
observation.
  The warm inner torus or "ribbon" (5.6 - 5.9  Rj) is a thin region of high density  (ne  '3,000 
 4,000  cm-3) just inside the orbit of Jo. Ground-based images of  [SII] emission often show 
a narrow and bright structure. The ribbon is distinguished from the cold torus by a clear 
difference of  Ti with respect to the radial distance (Figure 1.3) and abundance of higher charge 
state ions (Figures 1.4 and 1.5).
8 CHAPTER 1.  INTRODUCTION
Table 1.2: Emissions from the  Io plasma torus that can be observed from the ground. 
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Schneider and Trauger [1995] 
Roesler et  al. [1982] 
Kiippers and Jockers  [1997] 
Morgan [1985a, b] 
 Kiippers and Schneider [2000] 
 Kiippers and Schneider [2000] 
 Kiippers and Jockers  [1997] 
Morgan [1985a,  b] 
Morgan [1985a, b] 
 Kiippers and Schneider [2000] 
Kiippers and Schneider [2000] 
Thomas [1993a] 
Kiippers and Schneider [2000] 
 'flippers and Schneider [2000]
*  Rayleighs  =106/47  [photons/cm'  • s  • str]
  The warm outer torus (5.9 7.5 Rj) is characterized by a gradual increase in  Ti and a 
decrease in  ne with respect to an increase of the Jovicentric distance (Figure 1.3). In this 
region, relative abundance of higher charge state ions becomes larger as shown in Figure 1.4(c), 
(d), (e) and Figure 1.5. UV emissions from these ions have been observed from Earth-orbiting 
satellite and spacecraft. Beyond 7.5  R3, there are few detectable emissions because of low ion 
concentration (Figures 1.4 and  1.5). 
  From Figures 1.4 and 1.5, it is clear that  0+ ion is dominant almost all over the plasma 
torus except for the cold torus. Even so, emission lines of such ion are not always suitable for 
the ground-based observation. There are some emission lines in visible wavelength that can be 
observed with a ground-based telescope as shown in Table 1.2. Most of these emissions are weak 
and/or are not so suitable for ground-based observation under conditions of both atmospheric 
transmittance of the Earth and wavelength sensitivity of detectors. Among these emissions, 
 [SIT] red doublet, especially  [SIT] 673.1 nm, is quite strong and suitable for the ground-based 
observation. That is why most torus researchers have observed  [SIT] 673.1 nm emission with a
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ground-based telescope. Although [Sill] (forbidden line of  S++ ion) 953.1 nm emission is also 
strong, its wavelength is somewhat long for visible wave range detectors and somewhat short 
for infrared wave range detectors. 
  Since the discovery of the  10 plasma torus, the ground-based observations of  Iogenic ion 
emissions have been carried out to investigate the spatial stricture and dynamics of the  Io torus 
and distribution process of the Jovian plasma. As a torus emission intensity, we usually refer 
to that of the ribbon region.
Intensity Variation Depends on System III 
   Some ground-based observations have reported the emission intensity variation with respect 
to System III with a factor greater than 2 (see Thomas  [1993b]), although models of the  Io 
plasma torus usually assume azimuthally symmetric distribution with  Am (the System III 
longitude). In the offset tilted dipole (OTD) approximation, the magnetic field of Jupiter has a 
tilt with respect to the rotational axis by about 9.6° toward  Am  -,202° and has  0.13  Rj  offset 
toward  Am  ,--148° (04 model;  Acuria and Ness [1976],  Acuria et al. [1983]). As Jupiter rotates, 
this tilt causes apparent variations of emission distribution because of difference of the line of 
sight, that is, geometrical effect as shown in Figure 1.6. In the figure, the Colorado  Io Torus 
Emission Package (CITEP, Taylor et al. [19951), which is based on azimuthal symmetry, was 
used in the case of  De=0°. If ions in the plasma torus are azimuthally symmetric, its apparent 
intensity variation at the ribbon with respect to  Am would be only  10% from the average level, 
which is smaller than observational results. Therefore, the observations suggest that there are 
longitudinal asymmetry in the plasma torus much greater than +10%. As an example of  Am 
dependence, we show the result of Schneider and Trauger [1995] in Figure 1.7. This result 
was obtained from imaging observations of  [SII] 673.1 nm emission during 6 nights between 
January 31, 1991 and February 5, 1991. In the figure,  [SII] 673.1 nm intensity shows, on 
average, maximum around  Am 180° at both the dawn and dusk  ansael. It was suggested in 
early papers that the asymmetry was related to the phenomenologically defined "active sector", 
which covers  Am between 175° and 320° (Hill et al.  [1983]). In this region, the magnetic field 
in the northern hemisphere is strongly depressed relative to an OTD magnetic field model. 
However, the physical state of this region and its relation to the emission asymmetry have not 
 An ansa is the portion of a ring that appears farthest from the disk of a planet. This is the  locatioh in an 
image where we see the finest radial resolution on the plasma torus. The word comes from the Latin word for 
"handle"
, since the earliest views of Saturn's rings suggested that the planet had two handles extending out on 
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Figure 1.6: System III variation of  [SIT] 673.1 nm emission in the case where  De=0° and 
central meridian longitudes (CMLs; see Appendix) are between 22° and 322° in every  60° 
to bottom), based on the  azimuthally symmetric model. This geometrical  effect causes 
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Figure 1.7: The variation in  [SIT] 673.1 nm peak intensity of the ribbon with respect to the 
System III longitude for 1991 January 31 (+), February 1 (A), February 2  (^), February 3 
(*), February 4  (x) and February 5  (0). Dawn ansa data appears in the upper panel, and 
dusk ansa in the lower panel. The longitudinal scale is repeated 2 times (after Schneider and 
Trauger  11995D. The amplitude variation during one planetary rotation is quite larger than 
estimated apparent variation just caused by a geometrical effect.
been clear yet.
  Although  [SH] 673.1 nm intensity seems to show, on average,  )q the intensity 
and phase of the  Ain modulation in Figure 1.7 show a little change with. time. At the dusk ansa, 
the peak is near  Am  P•420° and amplitude of the  Am modulation is small on January 31 (+ 
mark in the figure). Three nights later (* mark in the figure), the amplitude of the modulation 
becomes large and the peak shifts to  Am  —470°. Two nights later  (0 mark in the figure), the 
amplitude is still large but the peak is  aIII  --210° (Schneider and Trauger [1995]). Thus, it 
seems that the System III dependence of the emission changes day to day.
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Figure 1.8: Average radial profiles of  [SIT] 673.1 nm of the dawn (dashed) and dusk (solid) ansae. 
The dawn and dusk averages are derived from 22 and 42 radial profiles, respectively. Intensity 
of the dusk ansa is about 20% larger than that of the dawn, and positions of the ribbon at the 
dusk ansa different from that of the dawn by about 0.28  Rj, that is, entire structure of the  Io 
torus is shifted toward the dawn by about 0.14  Rj (after Schneider and Trauger  [1995]).
Dawn-Dusk Asymmetry
  In the  Io plasma torus, there exist local time variations when we compare the dawn (east) 
and dusk (west) ansae. Generally, torus emission intensity has dawn-dusk asymmetry, that is, 
the emission of the dusk ansa is, on average, brighter than that of the dawn ansa. It was first 
revealed by analysis of Voyager UVS data (Sandel and Broadfoot [1982a]). They showed that 
 SIII (allowed line of S++ ion) 68.5 nm emission from the dusk ansa was, on average, 1.35 times 
brighter than that from the dawn. In addition, it was also disclosed that the structure of the 
plasma torus, such as cold torus and ribbon, is shifted toward dawn. This is the dawn-dusk 
asymmetry of the  Io plasma  torus. 
  As an example of the dawn-dusk asymmetry, average radial profiles of  [SII] 673.1 nm emis-
sion are shown in Figure 1.8 (Schneider and Trauger [1995]). In this figure, the shape of radial 
profiles of the dawn and dusk ansae are generally similar, but notable difference exists in both 
intensities and positions. The intensity of the dusk ansa is 20  + 5 % larger than that of the
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dawn ansa, and observed shift of 0.28 + 0.05  Rj corresponds to the entire torus shift of 0 .14  + 
0.025  Rj relative to Jupiter's center toward the dawn. 
   Barbosa and Kivelson [1983] and Ip and Goertz [1983] suggested that the asymmetry would 
be caused by a dawn to dusk electric field across the  Io plasma torus which was induced by 
plasma flow down to the magnetotail. The magnitude of this electric field was estimated to be 
3% of the corotation electric field. The 0.14  Rj shift in Figure 1.8 corresponds to a ratio of 
dawn-dusk electric field to corotation electric field of c = 0.024 ± 0.04 (Schneider and Trauger 
 [1995]). 
Intensity Variation Depends on System IV 
   There have been some reports that periodicities of phenomena in and around the torus 
are longer than System III rotation period. The narrow band kilometric (nKOM) radiations 
observed by the Voyager Planetary Radio Astronomy (PRA) experiment showed the periodic 
occurrence with a period of 3.3% and 5.5% longer than System III rotation period at the time 
of the Voyagers 1 and 2 flybys, respectively (Kaiser and Desch  [1980]). The source location 
of the nKOM was thought to be the outer edge of the  Io plasma torus. At the time of the 
closest approach of the Ulysses spacecraft, six separate nKOM sources were observed by using 
the radio direction finding method (Reiner et al. [1993]). The source location was identified to 
be between 7 and 10  Rj and had corotation lags between 3 and 8%. 
  Roesler et al. [1984] reported that there was no System III dependence of the  Io torus 
emissions in both the ground-based and Voyager UVS observations . They made a 3-week 
ground-based observation of  [SIII] 953.1 nm emission from the plasma torus using a Fabry-
Perot spectrograph.  [Sill] 953.1 nm intensity was strongly correlated with 10.2 h periodicity, 
while  SIII 68.5 nm emission showed 10.35 h periodicity, respectively . The analysis revised by 
Woodward [1992] showed that this  [SIII] 953.1 nm variation has a period of 10.20 ± 0.12  h. 
Considering the results of n-KOM, Voyager UVS and ground-based observations , Sandel and 
Dessler  [1988] suggested that there is another periodicity in the  lo plasma torus, called "Sys-
tem IV" and they proposed the System IV longitude  An, whose period is 10.224 h, or 3.01% 
longer than System III. This type of longer periodicity than System III was also confirmed in 
observations of  [Sill 673.1 nm. Woodward [1992] carried out the first observation to search for 
torus periodicity. In order to separate Systems III and IV periodicity, they made 2 months of 










5  0 
15 
 10 












System IV System III 
 11
System IV System III 
.•t•  4,
2.2 2.3 2.4  2.5 
 freq. (days  -I)
2.2  2,3 2.4 
 freq. (days
 2.5  _1)
........ 













5.8 6.0 6.2 
 distance





Figure 1.9: (a)  Periodograms of  [SIT] 673.1 nm emission on the dusk ansa between 5.875 and 
6.750 R3 (after Brown  11995]). Dotted lines shown in each panel are System III period (right) 
and "System IV" period (left; 10.214 hours). There is the System IV periodicity throughout 
all distances. (b) Measured velocity difference from rigid corotation at the dusk ansa  (x) (after 
Brown [1995]). In this figure, System  III  (0) and System IV (A) periods are superimposed. 
Maximum deviation from corotation is shown near the orbit of  Jo. If the non-System III 
periodicity was simply caused by corotation lag, it would vary from position to position.
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  Brown  [1995] carried out high resolution spectrographic observation of  [SIT] 673.1 nm and 
 [SIT] 671.6 nm emissions during 6 months, from December, 1991 to June, 1992. From this study, 
Brown showed a period of 10.214 + 0.006 h, or  2.91% longer than System III rotation period, 
and defined new System IV longitude  A1v(1992). As can be seen in Figure 1.9 (a), there are 
peaks not only at the System III period (9.925 h), but also at System IV (10.214 h) period, 
which is 2.91% longer period than System III. This longer periodicity exits in the torus region 
between 5.875 and 6.75  R. That is why he called this periodicity as a "System". On the other 
hand, he also analyzed the velocity distribution between 5.85 and 6.75  Rj (Brown  [1994]). As 
a result, as shown in Figure 1.9 (b), deviations from the rigid corotation (12.56 km/s/Rj) 
were different from position to position. The largest deviation was found around the orbit 
of  Io of 5.9  R3, which was thought to be caused by mass-loading of neutral materials freshly 
ejected from  Io. If it is only caused by lags from the rigid corotation, System IV periodicity  in 
Figure 1.9 (a) should show similar variation with respect to the distance from Jupiter. 
  As mentioned before, there  are intensity modulations and phase shift (Figure 1.7). The 
shift of the peak longitude in Figure 1.7 corresponds to  -48°  day-1, or slipping rate of 2.1% 
relative to corotation (Schneider and Trauger  [1995]). This value is somewhat smaller than the 
so-called System IV period. It is considered that the difference is within the uncertainty of the 
periodogram, because their observational period was only 6 nights. Although the inconsistencies 
of periodicity in different observations are  difficult to reconcile, it is no doubt that there are 
periodicities longer than System III in the  Io plasma torus.
Variations in Other Timescale 
  Judging from the evidence that ions in the plasma torus are originated from  Io, emission 
intensity might have dependence on  Io's orbital period (42.46 h), or its modulation with System 
III (beat period of 12.95 h). However, there is few evidence of such kind of periodicity except 
only for one case. Sandel and Broadfoot [1982b] reported  Io-related emission in the Voyager 
UVS observation.  SIII 68.5 nm emission became strongest when the phase angle of  Io (see 
Appendix) was 50° at the dawn and 2300 at the dusk. However, there has never been shown 
such  Io-related emission from the ground-based observation. 
  Brown and Bouchez [1997] investigated variations with longer time scale, a few tens of 
days. They used  [SII] 673.1 nm and neutral sodium emissions  (NaI;  as 589.6, 589.0 nm) data 
during 6 months. Figure 1.10 shows  NaI  (A) and  [SIT] (0) intensities with respect to the 
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Figure 1.10: A direct comparison of  NaI  (L) and  [SII]  (^) emission intensities. Both are 
plotted relative to the median of their preoutburst values. Data are connected by solid and 
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Figure 1.11: Shift of the plasma torus during the out burst. The dawn-side emission inten-
sity profiles at four time periods before and during the outburst show the systematical shift 
dawnward as the intensity increases (after Brown and Bouchez [1997]).
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JD of 2448685,  [SII] 673.1  nm emission showed enhancement with about 10 days lag. Both 
neutral and ion emissions kept higher level than previous level (dashed line). They call this 
phenomenon as "outburst", which may be related to the sudden enhancement of volcanic 
activity. Before and during the outburst, not only the emission intensity, but also the dawn-
dusk asymmetry changed. During the outburst, the peak emission of the plasma torus shifted 
further dawnward than that of the pre-outburst, especially at the dawn side . As shown in 
Figure 1.11, as the intensity increases, the peak shifts dawnward. This may imply that there 
is increase in magnitude of the dawn-to-dusk electric field during the outburst.
1.3 Purpose of This Thesis
   As mentioned in previous sections,  Io is the major source of heavy ions in the Jovian 
magnetosphere. Its influence reaches distant magnetosphere as high energy ions, and some 
re-neutralized particles distribute far beyond the magnetosphere as a sodium nebula (Mendillo 
et  al. [1990]). In order to investigate the Jovian plasma environment, an optical observation of 
the  To plasma torus is very important, since it is the only method that can continuously monitor 
the distribution and its variation of the Jovian plasma from the ground. To observe variability 
in the  Io plasma torus plays an important role to understand the plasma environment in the 
Jovian magnetosphere. 
  Based on this point of view, we have carried out imaging observation of forbidden line 
emissions of singly ionized sulfur  ([SII];  as 673.1 nm, 671.6 nm), which are excited by electron 
impact. In order to detect and make a reliable study on the variability of the plasma torus 
emissions, it is necessary to carry out a long term and continuous observation. We have de-
veloped a transportable telescope system and made observations at the optically suitable sites; 
Alice Springs, Northern territory of Australia and Haleakala, the Island of Maui, Hawaii. Using 
these observational data, we made detailed analysis and derived reliable characteristics of the 
torus plasma distribution and its variability in space and time. The observational results carry 
the information on the structure and dynamics of the  To plasma torus, the transportation and 
acceleration / thermalization processes of the plasma in the magnetosphere. 
  The contents of this thesis are as follows. The details of our instrumentation and observa-
tions of  [SIT] doublet from the  Io plasma torus during 4 years are described in Chapter 2. In 
Chapter 3, we show data reduction method for our observation data. Observational results are 
shown in Chapter  4. In Chapter 5, we show results of periodicity analysis of the  Io plasma
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torus. In Chapter 6, discussions about observational results and periodicity are described. The 
conclusions of this thesis are summarized in Chapter 7.
Chapter 2
Instrumentation and Observation
  In this study, we have developed a transportable telescope system, which consists of a 
telescope, an equatorial unit, interference filters and a cooled charge-coupled device (CCD) 
camera. Using this system, we carried out imaging observations of  [SIT] 673.1 nm and  [RI] 
671.6 nm emissions from the  Io plasma torus at some places where the weather conditions are 
suitable for the long term observation. Although our small telescope system has less advantage 
in a spatial resolution and total amount of photons compared with a large telescope, there is no 
problem to investigate the emission intensity distribution and its variation in the gaseous plasma 
torus. Moreover, our exclusive telescope has an advantage that we can carry out continuous 
observations without any restriction of a time shearing in the case of large common-use the 
telescope, that is, large telescopes are generally stored for many observational objectives. There 
has been no one who introduced this style for observation of the  Io plasma torus. 
  In this Chapter, we introduce the instrumentation that was used in our observations, and 
estimation for the possibility of observation of  [SIT] 673.1 nm emission using our system. In 
addition, we introduce our observations at Alice Springs and at Haleakala.
2.1 Instrumentation
2.1.1 Telescope 
  As shown in Figure 2.1, we used two types of Schmidt-Cassegrain telescopes, which consist 
of a spherical primary mirror, a quadratic secondary mirror and an  aspheric correcting plate. 
These telescopes were made by Celestron Ltd. The one is a 28 cm  (f/10) telescope used in the 
1997, 1998 and 2000 - 2001 observations. The other is a 35 cm  (f/11) telescope used only in the 
1999 observation. The telescopes we have used  are the smallest ones that have ever been used
19
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Figure 2.1: Front view (upper) and top view (lower) of the telescopes. The one, on the left, is 
a 28 cm  (f/10) telescope, the other is a 35 cm  (fill) telescope. As can be seen in these photos, 
a secondary mirror of the Schmidt-Cassegrain telescope is supported by a correcting plate.
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for observations of the  Io plasma torus. Generally, a reflect type telescope has three or four 
support structures, called  "spider", for a secondary mirror, which causes diffraction pattern 
on images when a bright object is observed, such as Jupiter. However, because a Schmidt-
Cassegrain telescope has a secondary mirror which is supported by a correcting plate, we can 
avoid the diffraction caused by spider. 
   The telescope is mounted on a German-type equatorial unit with a guide scope. Two types 
of equatorial unit were used according to weight of the telescopes. The one, the VIXEN ATLUX 
equatorial unit, was used for the 28 cm telescope and the Pentax MS-55i equatorial unit was 
used for the 35 cm telescope. Although these equatorial units have almost the same tracking 
accuracy, MS-55i is more powerful than ATLUX by about 2 times. 
  Using the equatorial unit, telescope was driven according to the sidereal time. Strictly 
speaking, Jupiter has an intrinsic motion relative to the equatorial coordinates system. How-
ever, the estimated Jupiter's intrinsic motion relative to the equatorial coordinates becomes 
about 2" during 900 seconds exposure, of course it is somewhat different from time to time. 
This value is not so large comparing with the tracking accuracy of our equatorial units of +4" 
and comparable with a spatial resolution of To achieve more accurate tracking an auto 
guider mounted on the guide scope was employed, which has a function of tracking correc-
tion for a periodic motion error. Owing to these methods, we have increased the accuracy of 
tracking. 
2.1.2 CCD Camera 
  To observe diffuse and faint emissions, we have to take a long exposure time so that we can 
acquire a good signal to noise ratio (S/N). In this study, we typically adopted the exposure 
time of 600 or 900 seconds. If a dark current and a readout noise of the charge-coupled device 
(CCD) are not so small compared with the signal, it is difficult to acquire data with a high 
S/N. From this reason and due to the small aperture of our telescope, we had to use a low 
noise CCD camera. In this study, we used two types of CCD cameras whose specifications 
are summarized in Table 2.1. The one was made by Wright Instruments (WI), and the other 
was by ANDOR. There are small differences in pixel size and pixel array, chips of these CCD 
cameras are both manufactured by EEV. 
  In the actual observation, CCD camera was set to align its axes with the right ascension 
and declination axes of the telescope, respectively. This is because it is useful for comparison 
of observational data with the orbital calculation.
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WI CCD Camera 
  The WI CCD camera consists of a front-side illuminated CCD chip which has  576x 384 pixel 
array and a pixel size of 22  am square. A quantum efficiency is about 40% around 670 nm. At 
the time of observations, the temperature of the CCD chip was kept at —73°C by an electric 
cooling using the Peltiert element. Under this temperature, a dark current shows quite a low 
value of 7 x  10'  [electrons/pixel/sec]. A readout noise is 5.9 electrons (rms) in slow readout 
mode. In this mode, it takes 8 seconds to transfer the full pixel data to the personal computer 
(PC) for one operation of the CCD camera. An exposure time is limited shorter than 1800 
seconds by the software. A dynamic range of A/D converter is 16 bit, but actual dynamic range 
becomes 15 bit since 1 bit is used for a judgment of plus or minus. This CCD camera was used 
in the 1997 and 1998 observations.
ANDOR CCD Camera 
  The ANDOR CCD camera has a larger format chip of  1024x 1024 pixels and a pixel size 
of 13  pm square. Because this chip is a back-side illuminated type, a quantum  efficiency is 
higher than the WI CCD camera by a factor of  f-,2,  -,80% around 670 nm. The temperature 
of this CCD chip is controlled by a combination of an electric and water cycled cooling system. 
Although the coldest temperature for operation was —76°C, this CCD camera was usually 
operated at the temperature between —65 and  —72°C due to the difficulty of the temperature 
stabilization. Therefore, a dark current showed somewhat larger value than that of the WI CCD 
camera; 8 x  10' [electrons/pixel/sec] in the Table 2.1. However, the contribution of the dark 
current was still negligible during 600 or 900 seconds of exposure time. In slow readout mode, 
full pixel data is transferred to PC by 36 seconds and a readout noise becomes 3.8 electrons 
(rms). This camera was used in the 1999 and 2000 - 2001 observations.
2.1.3 Back Optics 
  In this study, we used two types of back optics named direct focus and collimated system for 
our observations. The back optics is a connection unit between the telescope and CCD camera. 
Schematic images of these back optics are shown in Figure 2.2. Before showing difference in 
these systems, we introduce interference filters and mask, which are the components of the back 
optics as shown in this figure.
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Figure 2.2: (a) Direct focus and (b) collimated systems. Green lines mean optical rays. Because 
optical rays are never focused on before the CCD plane in a direct focus, filters and mask were 
set in convergent rays. On the contrary in a collimated system, since rays are once focused on 
the focal plane before the collimator lens, the mask is able to be put on there, and filters are 
set in the collimated light.
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Table 2.1: Characteristics of our CCD cameras. Dark currents of both CCD cameras are very 
small. There is large difference in quantum  efficiency between both CCD chips, because the WI 
CCD camera is a front illuminated type and the ANDOR CCD camera is a back illuminated 
type CCD, respectively.
Wright Instruments ANDOR
CCD chip  EEV-CCD02-16 EEV-CCD47-10
Pixel array  576  x  384  1024  x  1024
Pixel size  22  pm  square  13  pm  square
 Quantum  efficiency  N80%
Operating temp.  -73°C -76°C
Cooling
 
I Electric Electric + Water
Dark current
@operating temp.
 7x  10-4  {e-/pixel/seci  8  x  10-4  [e-/pixel/sec]
Readout noise  5.9  e-  rms  3.8  e-  rms
Dynamic Range  16  bit  (1  bit  for  +)  16  bit
Gain  5  e-/count  3  e-/count
Used years 1997, 1998 1999, 2000 - 2001
Interference Filter
  In order to extract the emission of our interest from the background continuum, a narrow-
band interference filter whose full width at half maximum (FWHM) is  N 0.9 nm is used. Since 
we observed two emission lines  USII] 673.1 nm and  [SIT] 671.6  nrn), we used two different 
interference filters for them. Characteristics of interference filters that were used for our ob-
servations are summarized in Table 2.2. There are two types of filters for each emission with 
somewhat different transmission characteristics. The ones with longer center wavelength were 
used only in the 1999 observation in the case of cold atmospheric temperature. As examples, 
the transmission characteristics of the interference filters that used throughout observations 
(shorter center wavelength ones in Table 2.2) are shown in Figure 2.3. These filters charac-
teristics were measured in the National Institute of Polar Research (NIPR). At the time of 
the measurement, since temperature was at 21°C, characteristics of transmission wavelength 
of filters shifted to longer wavelength by nm. From this result, it is confirmed that the 
temperature coefficient of 0.018 nm/°C around 670 nm, which coincides with the value of the 
filter manual.
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Table 2.2: Characteristics of interference filters. These were measured in condition of temper-
ature of 15°C. Although there are two filters for each wavelength, the ones whose wavelengths 
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Figure 2.3: Transmission characteristics of interference filters (a) for  [SII] 673.1 nm and (b) 
671.6 nm used in the 1997 - 2000 observation. The characteristics were measured in the National 
Institute of Polar Research (NIPR). Since the temperature at the time of measurement was 
21°C, center wavelength of both filters are shifted to longer wavelength by  f-0.1  um.
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Mask
  By using the combination of the telescope, back optics and CCD camera , we can observe 
the plasma torus emission both at the dawn and dusk ansae simultaneously including Jupiter 
itself. Since Jupiter is much brighter than the plasma torus emission by an order of 4 or 5 , 
it is impossible to record them simultaneously within a dynamic range of 16 bit , without the 
reduction of Jupiter's disk emission. Therefore, a thin strip of neutral density (ND) filter (FUJI 
ND4.0 or Kodak ND4.0) was used as a mask to reduce the bright Jovian disk emission by an 
order of A width of the mask was about 100"  (,--4  Rj) on the focal plane, that is, mm 
for 28 cm telescope and  ,1.8 mm for 35 cm telescope . The reduced image of Jupiter by this 
mask was useful for both spatial and intensity calibrations as is mentioned in the next chapter .
Direct Focus
  In the 1997 observation, we used the direct focus system of the telescope , as shown in the 
upper panel in Figure 2.2. The advantage of this system with a focal length of 2800 mm 
is that the incident angle is so small that the convergent rays through the interference filter 
have small wavelength shift. Although it was the simplest form , there were some problems 
for our observations. Because of the difference of refractive indices between the air (1.0) and 
interference filter (2.05), the focus position shifts depending on whether the filter is inserted or 
not. Moreover, it is impossible to put on mask just on the focal plane in this system. It was 
inserted just in front of the CCD window, in convergent rays. Therefore, there was diffraction 
pattern near the edge of the mask on the observed image as can be seen in Figure 2.4.
Collimated System
  In order to improve our system, we adopted a  collimated system , which consists of a colli-
mator and focusing lenses, from the observation in  1998 . Because rays from the telescope focus 
once before a collimator lens, mask can be put on the focal plane as shown in the lower panel 
of Figure 2.2. The focal lengths of a collimator and focusing lenses are both 50 mm in the 1998 
and 1999 observations. Figure 2.5 shows an example of observed image using this system in 
1998. Due to this improvement, there was no diffraction pattern caused by the mask on the 
frame and the quality of the data was improved . This type of system is also useful because a 
focus position is never affected by the existence of the interference filter . An overview of the 
system in the 1998 observation is shown in Figure 2 .6.
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Figure 2.4: An example of observational data with a direct focus system in September 7, 1997. 
This image was taken in  2x  2 binning  mode and 900 seconds exposure. Because the mask was 
put on in convergent rays, there are diffraction patterns near the edge of the mask.
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Figure 2.5: An example of observational data taken with a collimated system in September 
26, 1998. This image was taken in non-binning mode and 900 seconds exposure. There  are no 
diffraction of the Jovian disk emission around the mask. In the lower part of this image, ghosts 
of the  Galilean satellites are seen.
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Figure 2.6: A photograph of the back optics used in 1998. It consists of a 50 mm 
lens, filter box, 50 mm focusing lens and the Wright Instruments CCD camera. 
camera was set to align to its axes with the equatorial coordinates on the sky.
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Figure 2.7: Calculated result of distribution of center wavelength using a collimated system 
in the 1998 observation. In this calculation, we used parameters of Wright Instrument CCD, 
673.1 nm filter, and temperature of  15°C. In the figure, a unit of wavelength is A. An approx-
imate size of the plasma torus is overplotted in the center.
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   Although the quality of image was improved, wavelength difference between the center and 
edge of the CCD frame became larger than that of the direct focus in 1997 . The wavelength in 
collimated light with incident angles smaller than 15°  (A0) is expressed as follows, 
                  )2  Ag = Ao 1 — N*sin2 9 , (2.1) 
where  Ao is normal wavelength,  Are is the reflective index of the air, N* is the effective reflective 
index of the filter and 0 is an angle of incident. Thus, the central wavelength of the collimated 
rays that pass through the interference filter shifts toward the shorter wavelength depending 
on the increase of the incident angle of the light. Since we used a collimator lens of 50 mm 
focal length because of the limitation of total weight of instrument, the incident angle at the 
edge of the FOV became larger. A calculated distributions of center wavelength on the CCD 
camera using 673.1 nm filter, under the condition of using a combination of 50 mm collimator 
lens, 50 mm focusing lens and the WI CCD camera, is shown in Figure 2.7. In this calculation, 
temperature of the filter was assumed to be 15°C. An approximate size of the plasma torus in 
the case of 28 cm telescope is superimposed on the contour. 
  The atmospheric temperature was usually lower than 15°C and sometimes became below 
5°C at the time of observation. Under the condition of the cold temperature, a transmission 
characteristic of an interference filter is shifted to shorter wavelength with the temperature 
coefficient around the wavelength of 670 nm of  --,0.018 nm/°C. Therefore, in the case of 
5°C, the center wavelength characteristic is shortened by 0.18 nm. This short ward shift of 
transmission wavelength causes a problem in our observation.
Wavelength Shift 
  Due to the Jovian rotation, torus plasma is approaching to the Earth in the dawn and 
receding from the Earth in the dusk. Thus, the emission lines from the torus plasma show the 
Doppler shift. Since a corotation velocity becomes about 74 km/s at the orbit of  Io, there is 
velocity difference between the plasma at the dawn and dusk ansae by  --, ± 74 km/s . It is 
equivalent to ± 0.17 nm wavelength difference around 670 nm between both ansae . Moreover, 
there is an additional Doppler shift due to the relative velocity between Jupiter and the Earth . 
However, the wavelength shift is smaller than that of the corotation. In Figure 2 .8, we show 
the magnitude of the Doppler shift at a wavelength of 673.1 nm only caused by the relative 
velocity between the Earth and Jupiter throughout the observational period.
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Doppler shift of 673.1 nm by the relative motion 
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Figure 2.8: Doppler shift of the wavelength of 673.1 nm caused by the relative velocity between 
the Earth and Jupiter at the time of actual observations. The magnitude of the shift is at most 
one-third of the shift caused by the corotation (± 0.17 nm).
   Moreover, in our system, an interference filter was set with little tilt. Hence, we had to 
use off-center area of the CCD chip, corresponding to the shorter wavelength area, as shown in 
Figure 2.7, in order to avoid ghosts of the Galilean satellites. Examples of the ghosts are seen 
in Figure 2.5. They are caused by the reflections between the surface of the CCD plane and 
the interference filter. The position of ghost with respect to the real image is a point symmetry 
with respect to the center of optical axis. 
  All conditions as mentioned above show short ward wavelength shift of observational data. 
The total quantity of the shift is not so small compared with FWHM of the interference filters. 
Hence, the intensity data at the dusk ansa is not reliable in the 1998 and 1999 observations, 
because the Doppler shift at the dawn ansa is the red-shift contrary with the blue-shift of the 
filter characteristics.
Improved Collimated System 
  In order to solve the problem in missing wavelength at the dusk, we should use a collimator 
lens whose focal length is longer and keep the temperature of the interference filter constant 
against the change of atmospheric temperature. Moreover, it is necessary to use the interference 
filter with a small tilt with respect to the optical axis to avoid ghosts. 
  In 2000 - 2001 observation, we introduced a temperature control system in this system. A
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Figure 2.9: Calculated result of distribution of center wavelength on the ANDOR CCD camera 
using the 673.1 nm filter in the case of a combination of 105 mm collimator and 50 mm focusing 
lenses. Wavelength is described in  A unit. Since we assumed temperature of a filter to be  20°  C, 
transmission characteristic of interference filter is shifted to longer wavelength. An approximate 
size of the plasma torus is superimposed. It is clear that a gradient of wavelength with respect 
to the spatial scale of the plasma torus is smaller than Figure 2.7.
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Figure 2.10: A photograph of the back optics used in 2000. It consists of a 105 mm collimator 
lens, filter box, 50 mm focusing lens and the ANDOR CCD camera. Filter inserted in the box 
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Figure 2.11: An example of calibration frame using  [SH] 671.6 nm filter and the Hg spectrum 
lamp at the temperature of 25°C. A rectangle across the field of view is ND filter. Although 
there are  1024x 1024 pixels, a field of view of the instrument was determined by a pupil stop 
placed on the first focal plane in order to put on ND filter.
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filter unit was warmed by a sheet type heater, and its temperature was monitored and controlled 
with a  thermo control unit. In addition, we used a combination of a 105 mm collimator lens 
in order to reduce a gradient of the center wavelength on the CCD plane . Because we used 
50 mm focusing lens, this system became reducing optics by We kept the temperature 
at 20 or 25°C, somewhat higher than 15°C during the observation . As a result, transmission 
characteristic of the interference filter shifted toward longer wavelength as shown in Figure 2 .9 
 (A0 = 673.24  nm). In this calculation, we assumed that the temperature of  [SIT] 673.1 nm filter 
is 20°C and the ANDOR CCD camera is used. The actual configuration of the instrument is 
shown in Figure 2.10. 
  In the actual observation, a power switch of the thermo controller had been turned on at 
least 1 hour before the start of observation. Calibrations for the transmission characteristics 
of the interference filters were carried out using 671.6 nm emission in the Hg spectrum lamp . 
Figure 2.11 shows an example of calibration image frame at the temperature of 25°C . Hg 
671.6 nm emission can be seen in lower half area of the CCD frame. Because an interference 
filter was tilted by 2.5° in order to avoid ghosts, the center axis of this system was shifted as can 
be seen in this figure. Based on the result shown in this figure, we introduced Jupiter between 
the pixel number of 300 and 400 in the vertical direction. On the contrary, unfortunately, there 
was no spectrum lamp which could calibrate the  [SII] 673.1 nm filter. However, because the 
wavelength characteristic and alignment of the  [SII] 673.1 nm filter are similar to those of the 
 [SIT] 671.6 nm filter, the same setting at the  [SII] 671.6 nm filter was used for  [SII] 673.1 nm 
observations.
Summary of the Observation System 
  A list of combinations of instrument in each year, and resultant FOV and plate scale  are 
shown in Table 2.3. The CCD cameras used in each observation are previously shown in 
Table 2.1.  The FOVs in this table are the areas of multiplication of a plate scale and pixel array . 
They correspond to the true FOV of the instrument except for the 2000 - 2001 observation . 
The real FOV in the 2000 - 2001 observation is smaller than the value in the table because 
the size of the pupil stop is smaller than the area of the CCD chip, as shown in Figure 2.11. 
In the table, the apparent radius of Jupiter is assumed to be  24.0". In the actual observation, 
we operated the CCD camera with some binning mode. In the 1997 observation, all frames 
were taken in  2  x  2 binning mode of the WI CCD camera. In the case of 1998 observation, 
the WI CCD camera was used with both non-binning and  2  x  2 binning modes . From the
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Table 2.3: Table of combination of instruments used in each year. A plate scale in this table is 
on the case of non-binning mode. A field of view (FOV) on this table is not a true FOV, but 
only a plate scale x pixel array. As 1  Rj, we used 24.0" in this table.
Year Telescope Back Optics FOV Plate scale
1997 28 cm Direct focus
 15.4'x10.4'
38.5  Rj  x24.0  Rj
1.6" /pixel
1998  28  cm
50 mm  (f/1.8) collimator
50 mm  (f/1.8) focusing
 17.3'x  11.5'
43.3  Rjx  28.8  Rj
1.8" /pixel
1999 35 cm
50 mm  (f/1.8) collimator
50 mm  (f/1.8) focusing
 12.8'x12.8'
32.0  Rj  x  32.0  Rj
0.75" /pixel
 2000-2001 28 cm
105 mm (f/2.8) collimator
50 mm  (f/1.8) focusing
Temperature control
 35'.8 x 35.8'
89.5  Rj  x  89.5  Rj
2.1" /pixel
1999 observation we used the ANDOR CCD camera. In the 1999 observation, we used  2x2 
binning and  3x  3 binning modes with 35 cm telescope. In the 2000 observation, we used a 
28 cm telescope with the reducing optics and did not binned pixels. Therefore, the true plate 
scales of each year's observational data are  3.6"  /pixel in 1997,  1.8"/pixel or  3.6"/pixel in 1998, 
 1.50"/pixel or  2.25"/pixel in 1999, and  2.1"  /pixel in 2000 - 2001, respectively. 
2.1.4 Estimation 
  We estimated the possibility of observation. In this estimation, we used parameters of the 
system used in the 1997 observations. 
  If we observe an uniformly emitting layer whose surface brightness is I [R] (R=Rayleigh 
 photons/cm2•s•str) using a telescope whose aperture area is A  [cm2], electrons that come 
into a pixel of the CCD camera, S [electrons], becomes , 
                                        6 
                            10/Affi
rrt       S =(2.2) 
 4r 
where  SI is the solid angle of a pixel,  77 is a quantum  efficiency of the CCD chip, T is a transmit-
tance of entire optics, and t is an exposure time. It is important whether the signal of emission 
S get over that of the noise components or not. 
  We used a 28 cm telescope (A = 616  cm2) and the WI CCD camera. Using a focal length 
of the telescope (f =2.8 m) and pixel size of the CCD chip (L=22 gm), a solid angle of one 
pixel,  SI, becomes,
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                    =—L2  
f2= 6.2 x  10-11 [std. (2.3) 
  As a total transmittance of instrumentation,  T, we assumed to be Because  [Sill 
673.1 nm emission of the  Io plasma torus is about several hundreds of Rayleighs (Schneider 
and  Trauger  [1995]), we use I =100 [R] in this estimation as the worst case. Finally, we can 
calculate total amount of electrons for 900 seconds exposure as follows,
                   106               S
= x  100  x  616  x  6.2  x  10-11  x  0.4  x  0.5  x  900 
                       47r 
                   55 [electrons]. 
  Because a dark current of the CCD camera is quite small  (7x  10-4  [electrons/pixel/sec]  ), it 
becomes only 0.63 [electrons] for 900 seconds exposure. And also, a typical value of readout 
noise is 5.9 electrons. Judging from these results that S is larger than noises caused by a dark 
current and readout, it can be said that it is possible to detect  [SIT] 673.1 nm emission of the 
 Io plasma torus using our system. 
  As an advanced estimation, we carried out a simple simulation of an actual imaging ob-
servation. Scattered light from Jupiter was added to this calculation, and the scattered light 
was assumed to have an azimuthally (latitudinally) symmetric distribution. A torus model of 
 [SIT] 673.1 nm emission whose peak intensity is  r  500 R was used based on the Colorado  Io 
Torus Emission Package (CITEP; Taylor et al. [1995]) model. In this calculation, we considered 
random noises which are thought to be included in the real observational data. The Gaussian 
noises with zero mean and deviation of 6, which are equivalent to a readout noise of 6 elec-
trons, were added in each pixel on the simulation frame. For a count of n, which is converted 
from electron using a gain of the CCD camera (5  [electrons/count]), we added or subtracted a 
statistical noise value by  IF/ in each pixel. 
  A result of the simulation under the conditions of CML (the central meridian longitude) 
=110°, De (the declination of the Earth)  =0° and 900 seconds exposure is shown in Figure 2.12. 
 [SIT] 673.1 nm emission from the  Io plasma torus can be seen on the upper panel against the 
strong scattered light from Jupiter. After the subtraction of this scattered light, there are 
enough signals outside 5  Rj as shown in the lower panel of Figure 2.12, although there exist 
only weak signals inside 5  Rj.
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Figure 2.12: A simulation of our observation of torus  [SIT] 673.1 nm emission with the 28 cm 
telescope system. Upper panel shows raw frame of the  observation. Although scattered light 
originated from Jupiter is dominant in the frame, plasma torus emission can be seen. Readout 
noise and statistic noise are also added in this frame. Lower panel shows an image after 
subtraction of scattered light. Although there are weak signals inside 5  Rj, the  Io plasma torus 
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Figure 2.13: Jupiter's motion relative to the equinox of J2000.0 coordinates between January 
1997 and February 2001. The dots superimposed on Jupiter's trajectory are stars. As the 
positions of stars, we used the 5th edition of the Yale bright star catalogue. Jupiter has been, 
on average, moving to the north for last 4 years.
2.2 Observation
  In order to investigate the variability of the  Io plasma torus, it is important to carry out 
continuous and long series of observations. A unit of observational period is almost determined 
by the age of the moon of the Earth. Observations were made near the opposition of Jupiter 
during about three weeks excluding the full moon periods. In this study, we observed  [SII] 
doublet (673.1 nm and 671.6 nm) from the  Io plasma torus during one or two new moon period 
a year using the transportable telescope system. Although two emission lines were observed, 
their roles for this study are different. We mainly observed  [SII] 673.1 nm emission as a probe of 
the variability of the  Io plasma torus, because it is generally stronger under the typical plasma 
environment in the  Io plasma torus. On the other hand,  [SII] 671.6 nm was used as a support 
of  [SIT] 673.1 nm. Its image was usually taken at a rate of twice a once in the observational 
cycle. As will be mentioned later, the intensity ratio of these two lines is known as a good 
indicator of the in-situ electron density. 
  As an observational site, it is necessary that there is little rain and few artificial light, that 
is, we need a clear and dark sky for observation. Generally, sky conditions of Japan are not so 
suitable for an continuous optical observation. In the summer time, although a seeing condition
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Table 2.4: Locations and observational spans during four years. Observations were carried 
out except for about a week including full moon period. In 1998, we were able to carry out 
observations in longer period, two new moon periods.
Year Site JST date




1999 Alice Springs 1999/09/06 - 09/22
2000-2001
 
1  Haleakala  2000/12/16  - 2001/01/05
is better, there is a lot of water vapor in the atmosphere. Therefore, a correcting plate of the 
telescope and interference filters were often dewed in the night time due to a high humidity. 
In addition, when Jupiter is seen in the summer night time, since the ecliptic plane is low, an 
elevation angle of Jupiter becomes small. Therefore, the observation time of Jupiter becomes 
short in this season. In the winter time, although an elevation angle of Jupiter is large, the sky 
conditions are not stable and a seeing condition is not so good. Considering the situation as 
mentioned above, it is difficult to carry out continuous and long term observations in Japan. 
  Since the orbital period  of Jupiter is 11.862 years, as a result of relative motion between the 
Earth and Jupiter, the apparent position of Jupiter on the plane of sky changes about 30° a 
year almost along the ecliptic plane. Therefore, Jupiter comes and goes between northern and 
southern hemispheres about every 6 years period with respect to the equatorial coordinates. 
Figure 2.13 shows a quarter part of this behavior. In recent four years, Jupiter has been coming 
to the northern hemisphere. In order to carry out continuous observations, we have to select 
the hemisphere, where it is suitable for observations with respect to the position of Jupiter on 
the sky. Moreover, it is much better to make observations in lower latitude to observe Jupiter 
in high elevation. 
  As shown in Table 2.4, observations were carried out at Alice Springs, the Northern Territory 
of Australia (Latitude  23°41' 5, Longitude  133°53' E, Figure 2.14) between 1997 and 1999. We 
used the facility of the Balloon Launching Station belonging to the University of New South 
Wales which is usually dedicated for gamma ray astronomy. In August and September, it 
seldom rains in Alice Springs. Average total amount of rainfall in a month is about 15 mm in 
this season. There was few artificial light around the site except for the Alice Springs airport. 
In Alice Springs, we were able to observe the  Io plasma torus during one or two new moon
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Figure 2.14: In 1997 and 1999, observations were carried out in Alice Springs, the Northern 
Territory of Australia.
period continuously. An example of our system used in Alice Springs (the 35 cm telescope 
system) is shown in Figure 2.15. 
  About a month after Jupiter's opposition in 1997, we succeeded in the first light of  [HI] 
emissions from the plasma torus using the transportable system. The CCD camera was used in 
 2x 2 binning mode and a typical exposure time was 900 seconds. As shown in Figure 2.13, since 
the apparent declination of Jupiter was about  —15° in this period, it was the best condition 
for observation at Alice Springs in this study. The disadvantage points of 1997 observation was 
that the observational span was not so long and there were some problems in the quality of 
data compared with other year's observations because of the use of the direct focus system. 
  As mentioned in previous section, we have developed a back optics in 1998. As a result, 
there was a remarkable progress in the quality of data. The CCD camera was used in both non-
binning and 2 x 2 binning mode and a typical exposure time was 900 seconds. The observation 
period in 1998 was more than 30 days. We carried out two new moon period of observation
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Figure 2.15: The 35 cm telescope system used in the 1999 observation. Telescope was mounted 
on the Pentax MS-55i equatorial unit. As a guide scope, a 20 cm Schmidt-Cassegrain telescope 
was  used. 
including the opposition of Jupiter, which was quite favorable for periodicity study. However, 
there was a problem in observed emission intensity at the dusk ansa because of the characteristic 
of instrument as mentioned in the previous section. 
  In 1999, we introduced a 35 cm telescope and new CCD camera for the observation as shown 
in Figure 2.15. Observation was carried out prior to the opposition by a month. By using a 
larger telescope and a new CCD camera with high quantum efficiency, an exposure time was 
shorten by a third, that is, 600 seconds. In order to reduce the problem in the wavelength 
shift under the cold atmospheric temperature, interference filters whose center wavelengths 
for transmission are somewhat longer were also used. However, there were still problems in 
intensity at the dusk ansa. 
  After the year of 1997, the apparent position of Jupiter has been coming to the northern 
hemisphere and crossed over the equator on the sky in 1999, as shown in Figure 2.13. After 
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Figure 2.16: Map of the Hawaiian Islands. Haleakala is on the Island of Maui. 
astronomical observatories on the summit.
153
There are some
to change observational site to the northern hemisphere in the 2000 - 2001 observation . As 
an observational site, we selected Haleakala High Altitude Observational Site , on the summit 
of Haleakala, the Island of Maui, Hawaii, USA (Latitude 20°42' N, Longitude 156°15' W, Fig-
ure 2.16), which is administered by Institute for Astronomy, the University of Hawaii. Haleakala 
is known as a good astronomical observation site alike Mauna Kea on the Island of Hawaii . 
The seeing conditions are good and humidity is low. Because the altitude is about 3050 m , it 
was expected that there were strong winds which could give a serious problem to our system . 
To avoid the strong wind, we constructed an astronomical dome as shown in Figure 2.17  (a). 
We carried out observations about a month after the opposition of Jupiter between the end 
of the last century and the beginning of the new century as shown in Table 2 .4.  'Owing to 
the astronomical dome, we were able to carry out the observation against the strong wind . 
Because the dome was not so large, we used the 28 cm telescope system again , as shown in 
Figure 2.17  (b).




                                                         ,..         i :,-.L.'7,-,:::----Z.Gkti,,,,,           4--;",f,A,       .1-----•,,iii..-.10,FL..;:x, 
 4,--....v.--wf.:,--,.. 
           ,v .,-;-4,---Alit.----                   %•,....:.----,--- .,_            -* •--, .... - 
                   .-_:--.---_-7. _-',..-.,,,?-:=5:t• -
                     -
 S 
 (b)
                -
ii       t7
ft' 
             t 
       3r, 4 i 
               .,if 
IN._ 
       ''- jk 
            _ ,,,,-, .-_-- --,.
., 
_,., , 
, , .... 
, . , ,„,4,    .00,„im ii
i "
 I
Figure 2.17: (a) A small astronomical dome was constructed on the summit of Haleakala. A 
large object behind our dome is an astronomical dome for the Air Force Research Laboratory 




  To obtain real images of  [SII] emissions from the  to torus, it is necessary to carry out image 
reduction for the raw observational frames. Moreover, we must transform the count and pixel 
position of the CCD camera to physical value. In this Chapter, we introduce reduction and 
correction techniques which should be done to the observational images of the  Io plasma torus. 
Methods of both intensity and spatial calibrations for this study are also shown.
3.1 Image Reduction 
3.1.1 General Reduction 
  The observed raw data on the CCD frames contain some instrumental noises which should 
be removed to obtain the real object data. A flow chart of general image reduction is shown in 
Figure 3.1 
Bias, Dark and Readout Noises 
  First of all, we subtracted a  "dark noise" from each CCD frame. The dark noise contains 
bias, dark current and readout noise, that is, a signal which is contained in CCD counts without 
the opening of shutter. 
  A bias is an  offset value from zero count of an A/D converter. Since the bias value is the 
true zero point of the data, it should not be called a noise. It shows almost the same value 
during exposure time of 600 seconds or so,  and has a small long-term variation according to 
the CCD electric environment (Figure  3.2). Considering the change of bias level of the CCD 
camera during an observational time, we often took a bias frame during observation. As a bias 
value, we used a uniform value which was averaged over the whole pixels of a bias frame and 
                             43
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Figure 3.1: A flow chart of general image reduction process. 
the data observed in 2000.
Stray light subtraction is only for
 Cl 
= 
0  U 









.  I .. I I.
-..1'-
 I I. .I I ..
0 2 4 
 TIME [hour]
6 8
Figure 3.2: An example of the bias level variation of the ANDOR CCD camera during one night 
observation (January 1, 2001). Filled circle and its error bar mean averaged bias level and its 
deviation. Only small variation between 785 and 805 counts (red dashed lines) is detected. To 
deal with this small variation of bias level with time, we linearly interpolated these points about 
time and used such values as a bias level for one night observation.
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linearly interpolated in time. 
  A dark current is one of the serious noises for observations that need long exposure time. 
As can be seen in its unit,  [electron/pixel/s], it becomes larger in proportional to exposure 
time. Therefore, if the dark current of the CCD camera is not so small, it is necessary to 
obtain a dark frame whose exposure time is same as the observation period. The dark current 
has temperature characteristics, that is, it gets smaller when the temperature of the CCD 
chip becomes colder. If a dark current of the CCD camera is quite small (an order of  10' 
[electron/pixel/see]), it is not necessary to take a dark frame. In our case, because the value of 
a dark current is negligible during our exposure time, we only take a bias frame whose exposure 
time is 0 s. 
  Readout noise is independent of exposure time and has little relation with the CCD chip 
temperature. This is an electric noise occurred around the circuit for the electron transfer. In 
general, this noise can be reduced when the readout speed is slower.
Stray Light
  We had to remove another noise. As for the data observed at Haleakala in 2000 to 2001, 
there were stray lights, as shown in Figure 3.3. The stray light slips into the optical system 
through the gap of the filter box. In order to subtract these stray lights, we took some frames 
including stray lights at several hour angles at several hour angles with the telescope front-
cover closed to check the dependence of the image pattern of the stray light on the telescope 
angle. Examples of these stray light frames are shown in Figure  3.4. As a result, we found 
that we were able to subtract this contamination using these stray light frames because the 
entire configuration of stray lights on the frame was independent of the hour angles. On the 
data observed in 2000 and 2001, there were dark areas caused by a pupil stop near the edge 
of the CCD frame where the stray light is also reflected (hatched areas in Figure 3.3). These 
hatches areas are used as the standard of the stray light subtraction. We subtracted the stray 
light frames from the object frame multiplying a best-fit factor by which the residual of the 
stray light image in the hatched area becomes the smallest. As a result, we surely succeeded 
in removing the stray light as shown in the right panels in Figure 3.3, which is also confirmed 
from that profiles of hatched areas became almost flat, after the stray light subtraction.
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Figure 3.3: Stray light was appeared only in the data of Haleakala. (a) A bias subtracted 
and flat-fielded data taken on December  26, 2000  (JST). There are stray lights on the frame, 
especially left side of the frame. (b) Image after the stray light subtraction Stray light in 
the data area (center position of the frame) was subtracted refereeing the stray image in the 
hatched regions shown in  (a). (c) Some profiles of hatched areas of  (a). Each line shows the 
different row or column profile. (d) Some profiles of hatched areas of  (b). They became almost 
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Figure 3.4: Examples of stray light frames taken on JST January 1, 2001 (left) and January 
5, 2001 (right). Although these two frame have been taken at different hour angles, there were 
few differences in the shape of the stray light of each frame.
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Figure 3.5: An example of the cosmic ray spike noises and reduced result for the data observed 
on August 31, 1998  (JST).  (a)There are a lot of cosmic ray noises (small spots) on the frame. 
(b)Using an  no- weighted median filter, most cosmic ray noises  are removed from image. There 
are few changes in the image except for cosmic ray noises.
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Cosmic  Rays 
  As can be seen in Figure 3.3 (a) and (b), and Figure 3.5 (a), there are a lot of spike noises on 
the CCD frame, the so-called "cosmic  rays". In order to remove this kind of noise, it is useful 
to use a median filter. However, a simple median filter affects not only the cosmic rays, but 
also the plasma torus image itself. Therefore we use an "nu weighted" median filter. At first, 
we calculated average, standard deviation (a) and median in the area of ±k pixels (k : integer) 
in vertical and horizontal directions around the pixel of  (i,j), and compare the count of the 
pixel  (i,  j) with the average plus  no- (n :  integer). If the count of the pixel  (i,  j) is larger than 
(average + nu), it is recognized as a cosmic ray noise and replaced by the median for the data 
of (2k + 1)2 pixels. As integers of k and n, we used 5 and 3, or 7 and 5, respectively, according 
to binning mode of the imaging. In this way, the cosmic ray noises were removed from the 
observational frame as shown in Figure 3.5  (b).
Flat Field 
  In order to correct non-uniformity in the CCD frame, which was caused by the characteristic 
of optics and difference of the characteristic of each CCD pixel, a flat field technique was used. 
As a flat-field technique, "sky flat" was used for each interference filter. A sky flat frame was 
taken in the twilight with a diffuser put on in front of the telescope. Using an observed frame 
 Oki and a flat field frame  F.Fij, flat field is expressed as following equation, 
                                                                  0-- 
                O'• =   X f favg, (3.1)                                13 FF
ij 
where  0:i means a flat-fielded data and  f  favg is an average of the flat field frame. 
3.L2 Scattered Light Subtraction 
  After a general image reduction, we must subtract scattered light around Jupiter, which 
was mainly caused by the scattering of the bright reflection light from Jupiter in the instrument 
and partly because of scattering by the terrestrial atmosphere. Examples of the scattered light 
around Jupiter are shown in Figures 3.3, 3.5 and 3.6. In Figures 3.5 and 3.6,  [SII] emissions of 
the plasma torus can be seen against the strong scattered light. 
  In order to subtract this scattered light, it is useful to use the background image that 
contains no torus emissions taken with an interference filter of another wavelength. However, 
it needs the same exposure time with a torus frame. If background frame is taken together
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Figure 3.6: An example of observational data of  [SII] 673.1 nm after the all reduction processes 
shown in Figure 3.1. This data was taken on December 28, 2000  (JST) for 900 seconds exposure. 
Among the strong scattered light around Jupiter, plasma torus can be seen on this frame. There 
are Galilean satellites,  Io (near the edge of the mask) and Europa (right side of this image). 
We obtained distribution of scattered light in the left side regions between cyan lines in this 
case.
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Figure 3.7: An example of fitting result. Using averaged data (+) and their standard deviations 
(red error bars), a function is fitted (thick line). Using this function, scattered light frame was 
constructed assuming symmetric distribution around Jupiter.
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Figure 3.8: A result of subtraction of the scattered light from image of Figure 3.6 using an 
obtained fitting function.  [Sil] 673.1 nm emission from the  To plasma torus can be seen clearly.
with every object frame, the number of observational data during a night decreases. It is not 
preferable situation for our observation. 
  Saving the observational time and obtaining  many object frames as possible, we used a func-
tional fitting method to remove the scattered light. An intensity of the scattered light becomes 
weak as the radial distance from Jupiter increases and shows almost symmetric distribution 
around Jupiter. We paid attention to these characteristics of scattered light and obtained some 
radial distributions of scattered light with respect to the distance from Jupiter in the region 
from  100 ( 10°) to 40° (- 40°) in latitudinal direction. Here, we excluded the range of  — +10° 
centered on the equator where the torus is located. A Schematic image of the regions that we 
used for fitting is superimposed on observation data in Figure 3.6. We obtained these distribu-
tions for either dawn or dusk side, according to the positions of the Galilean satellites at the 
time of observation as shown in this figure. Using these distributions of the scattered light, 
their averages and standard deviations along distance from Jupiter were calculated. We fitted 
the following function to these averages and deviations as shown in Figure 3.7, 
          i(r) =A(3.2) 
where r is distance from Jupiter in the CCD pixel unit, A, B and C are fitting parameters. Using 
the obtained function, we constructed a scattered light frame assuming symmetric distribution 
around Jupiter, and subtracted it from observed data. Due to the rectangle shape of the
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mask, the count of the scattered light near the mask became small according to the increase of 
latitudinal angle from the equator, as can be seen in Figure 3.6. Therefore, we underestimated 
the level of scattered light near the boundary of the mask . Although it is the fault of this 
subtraction method, there is few problem for the farther regions than about 1  Rj from the edge 
of the mask. As a result of this subtraction, emission from the  Io plasma torus was extracted 
as shown in Figure 3.8.
3.2 Intensity Calibration 
   In general, an intensity calibration of astronomical data is carried out using the standard 
stars whose fluxes have been already known. This method requires a frequent acquisition of 
calibration data according to the changes of an elevation of the  object and of the condition of 
the terrestrial atmosphere. However, it was difficult for our system to change the pointing of 
the telescope frequently within a short time. 
   As a calibration source, the disk brightness of Jupiter is very useful for our observation. The 
disk image of Jupiter, which was reduced by about an order of 4 using an ND filter as described 
in Subsection 2.1.3, was observed together with the dawn and dusk ansae of the plasma torus 
emissions, simultaneously. We calculated the extra-terrestrial flux of Jupiter. Because the 
reflected solar flux from Jupiter passes through almost the same terrestrial atmosphere as the 
plasma torus emissions, if we use the extra-terrestrial flux of Jupiter as a calibration source, 
problems such as an atmospheric extinction and changes in atmospheric condition during the 
exposure, should be canceled. 
  We used the extra-terrestrial solar flux at 1 AU around 670 nm,  Fsunhr [W/cm2  • str 
 nm] (Aversen et al.  [1969], Figure 3.9), absolute reflectivity of the Jovian equatorial zone, R 
 (=0.70  ;  Woodman et  al.  [1979]) and heliocentric distance of Jupiter at the time of observation, 
D [AU], which was calculated using a numerical code for Jupiter's position constructed by 
the Hydrographic Department Japan Coast Guard. Using these values, we can obtain the 
extra-terrestrial disk brightness of Jupiter,  I.,, as follows, 
                             Fsun  
 Ij =  x R [Rayleighs/nm], (3.3) 
                              D2 
where h is Planck's constant and c is the light velocity. The heliocentric distance of Jupiter and 
the calculated brightness around 670 nm between January 1997 and February 2001 are shown
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Figure 3.9: Solar flux around 670 nm at 1 AU (open circle; Aversen et al. [19691). As a 
comparison data, a high-resolution solar flux data observed at the National Solar Observatory 
are also plotted (red line :Kurucz et al. [19841).
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Figure 3.10: The heliocentric distance (upper) and calculated disk brightness (lower) of Jupiter 
around 670 nm between 1997 and 2001. At the average heliocentric distance of 5.2 AU, the 
disk brightness of Jupiter shows  5.6x  107  [R/nm].
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1997 August - September  5.9x107
1998 August - September  6.1x107
1999 September  6.1x107
2000 December - 2001 January I  5.9x107
in Figure 3.10. In this calculation, we neglected the fine structure of the Fraunhofer absorption 
lines in the solar flux, as shown in the red line of Figure 3.9 (Kurucz et al.  [1984]). During this 
period, since the heliocentric distance of Jupiter varied between 5.15 AU and 4.95 AU, the disk 
brightness of Jupiter also varied between  5.7x  107  [R/nrn] and  6.1x  107  [Rinin]. Although, 
there were small differences in the Jovian disk intensity during each observational period, we 
assumed that the disk brightness of Jupiter,  Ij, is constant during observations in each year as 
shown in Table 3.1. 
  In order to obtain the reducing factors of ND filters, rND, we took some  off-mask (direct) 
images of Jupiter with short exposure time. Considering the difference of exposure time between 
on-mask and  off-mask Jupiter frames, and linearity of the CCD count, we obtained values of 
rND  =8.5  x  10-3 for Kodak ND 4.0 and  rND=2.3x  10-4 for FUJI ND 4.0, respectively. These 
values showed almost the same during four years of observations. 
  To do intensity calibration using the Jovian disk, we have to calculate a integration of 
transmission profile of interference filter,  rbw, which is normalized by the peak transmittance of 
the filter. Using a transmission profile of the interference filter,  f(A), and its peak transmittance, 
 fpeak Tbw is expressed as, 
                         1f f(A)dA
.         Tbw=  (3.4)                                       f
peak 
  Finally, we can convert A/D counts of the CCD camera to a unit of Rayleighs,  I, as follows, 
                                    TbwX LI           I =   x  C, (3.5) 
 Cj X  rND 
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  A position calibration was carried out using both an orbital calculation for Jupiter and 
positions of the Galilean satellites relative to Jupiter at the time of observation. Before the 
subtraction of scattered light from the frame, we have determined the center of Jupiter for each 
frame. The position became the origin of the Jovicentric coordinates that used in this analysis. 
From the date and time of each data, we can obtain various parameters about Jupiter such as 
the position in the ecliptic coordinates and the  geocentric distance based on the orbital calcu-
lation. We used a numerical code for the position of Jupiter, constructed by the Hydrographic 
Department Japan Coast Guard. At first, this code calculates the position of Jupiter in the 
ecliptic coordinates system. To convert the equatorial coordinates, we used a rotation matrix 
around the axis defined by the Sun and the vernal equinox point by  c, a tilt angle of rotational 
axis of the Earth with respect to the ecliptic plane. The value of  E is defined as,
f = 23°.44253 —  0°.00013  Te + 00.00256 cos(249° —  19°,3  Te) 
    +00.00015 cos(198° + 720° Te),
(3.6)
where Te is the time factor of 365.25 days unit in the ephemeris time (ET) system (Naga-
sawa  [1981]). The epoch of Te is 00:00 ET, January 0 in 1975. In the orbital calculation, we 
used the middle time of exposure as a typical time of observation. 
  According to Gurnette and Woolley [1961], there are following relations between the ap-
parent right ascension and declination of Jupiter (a,  6), which are obtained from the orbital 
calculation, and the right ascension and declination of Jupiter's north pole  (a0,  60),
 cos  De  sin  P =  cos  60  sin(a0 — a), 
cos De cos P = sin  60 cos 6 — cos  60 sin  6  cos(a0 —  a), 




where De is the Jovicentric declination of the Earth, P is a position angle of Jupiter's rota-
tional axis with respect to the equatorial coordinates, and  a0 and  60 are expressed as follows 
(Hilton  [1992]),
a0 =  268°.05 —  0°.009 T, 
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Figure 3.11: Final result of the data analysis for the same data in Figure 3.6 and Figure 3.8. 
It is shown in the Rayleigh unit. Parameters obtained from orbital calculation of Jupiter are 
superimposed on the CCD frame. Red circle shows a size of Jupiter at this time of observation. 
Roman numerals shown in the panel mean the Galilean satellites, I  (To), II (Europa) and III 
 (Ganymede). Because this was image taken after the southing, that is telescope east, image is 
turned over compared with Figure 3.6 and Figure 3.8.
where T 
51544.5)
is Julian century whose origin is UT 00:00, January 1, 2000 (Modified  
. Using Modified Julian Day of observation (MJD), T is expressed as,
Julian Day
T (MJD —  51544.5)/36525. (3.12)
From these relations, we can obtain De and P at the time of observation. 
  Using the equatorial radius and geocentric distance of Jupiter, we can calculate the apparent 
radius of Jupiter in arc seconds. Because we used a German type equatorial unit, the equatorial 
coordinates with respect to the axes of the CCD camera were turned over between before and 
after the southing of Jupiter, that is, telescope west and  east. It is necessary to confirm that the 
image has been taken at telescope east or west before this procedure. Comparing the disk image 
of Jupiter and positions of the Galilean satellites with calculated apparent radius and satellite 
positions, we can calibrate the plate scale of our instrument and the Jovicentric coordinates on 
each CCD frame as can be seen in Figure 3.11.
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Chapter 4
Observational Results
  We have carried out a long series of imaging observation of  [SIT] emissions from the  Io plasma 
torus for four years. In this Chapter, we introduce results obtained from our observations. 
Because we mainly observed  [SIT] 673.1  nm emission as an indicator of the variability of the 
plasma torus, we introduce the results of  [SIT] 673.1 nm emissions in the main.  [SIT] 671.6 nm 
observation was carried out as a support for  [SIT] 673.1 nm observation, and is useful for 
estimation of the electron density in the plasma torus. We also show derived electron density 
in this chapter. In order to estimate the apparent variation and characteristics of  [SII] emissions 
from the plasma torus, the CITEP (Colorado  Io Torus Emission Package, Taylor et al. [1995]) 
model, which is constructed based on the Voyager observations was used as a reference of the 
torus.
4.1 Intensity Variations 
  Since ions in the plasma torus are excited by electron impact, their intensities are propor-
tional to multiplication of electron and ion densities. Therefore, intensity variation of the torus 
emission directly reflects the changes of plasma densities and becomes a good probe to monitor 
the plasma environment in the Jovian magnetosphere. As the torus emission intensity, we used 
 3x  3 pixels averaged value around the ribbon region of  [SII] 673.1 nm emission.
4.1.1 System III Variation 
  System III longitude (III) ranges of the dawn and dusk ansae are defined as CML+90° 
and CML-90°, respectively (see Appendix). As mentioned in Chapter 2, there are problems 
in the intensity data of the dusk ansa in the 1998 and 1999 observations because of the relation 
between the characteristic of wavelength transmittance of the interference filter and red-shift 
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Figure 4.2: The same as Figure 4.1. These are  [SII] 673.1 nm emissions observed on January 
4, 2001 (JST). Although date of observation is different, the apparent motion of the plasma 
torus with the Jovian rotation is the same with that of Figure 4.1. That is, the  Io plasma torus 
corotates with the planet.
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of the emission at the dusk ansa. Therefore, the intensity data at the dusk ansa for these two 
years are not reliable for the analysis of the absolute variation of the torus, but useful for the 
relative intensity profile along the equator as will be shown in later section about the averaged 
radial profiles. 
  Figures 4.1 and 4.2 show observational images of  [SII] 673.1 nm emission from the  Io plasma 
torus in the 1998 and 2000 - 2001 observations, together with the calculated centrifugal equator 
in the Jovian system at the middle time of exposure. The centrifugal equator, at 5.9  Rj with a 
tilt angle of 7° toward  Am=202° with respect to the rotation axis is shown in the figure. CMLs, 
 Io phase angles and position of the Galilean satellites (I, II, III, IV) are also shown in each 
calculated panel. As can be seen in these figures, the apparent motion of the plasma torus due 
to the Jovian rotation shows just the same behavior with the calculated centrifugal equator 
in spite of observations which are done on completely different day and year. That is, the  Io 
plasma torus universally corotates with the planet with no delay. Judging from this evidence, 
it is simply expected that  [SIT] 673.1 nm intensity might have  Am dependence at certain degree. 
  Most torus researchers have showed the System III dependence of emission intensity from the 
 Io plasma torus as summarized by Thomas [1993b]. When we assume an azimuthal symmetry 
of the plasma torus, observed emission from the ground shows apparent intensity variation with 
respect to System III longitude caused by geometry because of a tilt of the magnetic dipole 
axis with respect to the rotational axis of the planet.
Apparent Intensity Variation Estimated with CITEP
  In order to estimate geometrical effect, Colorado  Io Torus Emission Package (CITEP;  Tay-
lor et  al. [1995]) was used.  CITEP consists of the azimuthally symmetric plasma density model 
(diffusive equilibrium model; Bagenal  [1994]  ), several magnetic field models of Jupiter (tilted 
dipole :TD,  offset tilted dipole :OTD, 04, 06 (Connerney  [1993]), 04 + current sheet (Con-
nerney et  al.  [1981)), and 06 + current sheet) and the emission rate probabilities  ([photons/s]) 
of torus ions (the C011isional and Radiative EQuilibrium model, hereafter COREQ; Sheman-
sky  [1990], private communication by M.  Taylor). At first, CITEP calculates electron density, 
electron temperature and ion density  (Tie, Te and  Ili, respectively) in System III cylindrical co-
ordinates. The emission rate probability of torus ion at wavelength of  A,  ceA(ne, Te), has already 
been calculated using COREQ, assuming a single thermal population of electrons in collisional 
equilibrium with each emitting ion. It is given in a table of  ne and Te. The ranges of  ne and Te 
in this table are  10  cm-3  <  ne < 10, 000  cm-3 (10 steps) and 3162.3 K< Te <  107 K (15 steps),
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Figure 4.3: Calculated images of emissions of (a)  [SIT] 673.1 nm and (b)  [Sill] 953.1  um based 
on CITEP in the case of CML=202° and  De=0° at the dusk ansa. Because of the difference in 
distribution of S+ and S++ ions, the apparent structures, which are the results of integrations 
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Figure 4.4: Apparent System III variations of  [SII] 673.1 nm intensity at the ribbon caused by 
geometrical effect. Intensity is normalized by their peak intensity. In this calculation, CITEP 
with the 04 magnetic field model was used. Longitudinal asymmetry within one Jovian rotation 
is due to asymmetry of the magnetic field. There are differences between (a):dawn and (b):dusk 
except for the case of  De=0°. From these panels, it is found that the apparent variation caused 
by the difference of geometry reaches, at most,  25% from their peak.
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respectively. In order to obtain the appropriate emission rate probability for calculated  ne and 
Te, we did the linear interpolation using the given values in this table. The volume emission 
rate is obtained by multiplying  ni by  a),(ne,  Te). Finally, as a result of the emission intensity 
integration along the line of sight as for the each torus position, apparent two-dimensional 
image of the torus emission is created as shown in Figure 4.3. 
  Using CITEP, we calculated  [SU] 673.1 nm intensity in the cases of De=0° (1997), 2.2° 
(1998),  3.3° (1999) and  3.0° (2000 - 2001). As a magnetic field model, the 04 model was 
used. Calculated apparent variations at the ribbon with respect to  Am are shown in Figure 4.4. 
They are normalized by their peak intensities. Although, the apparent intensity variations at 
the dawn ansa are different from those at the dusk except for the case of De=0°, amplitudes 
of  these apparent variations are, at most, 25%. However, most ground-based observations of 
the plasma torus emissions have showed much larger amplitude variation with respect to  A111, 
roughly a factor of 2 or 3 (see Thomas  [1993b]). Therefore, most of the intensity variation 
with respect to  Am obtained from ground-based observations can be concluded to be the actual 
modulation in the  Io plasma torus. 
Observational Results 
  Figure 4.5 shows  [SII] 673.1 nm intensity at the dawn and dusk ansae of the 1997 observation 
with respect to  Am. There seems to show the  Am dependence at the dawn ansa at a glance. 
On the contrary, there is little relation with  Am at the dusk ansa. The number of data in the 
1997 observation was small, and the longitude coverage of this dataset is not enough. In order 
to confirm the existence of the  Am dependence, it is necessary to carry out observations with 
more frequent acquisition of data within a night. The magnitude of the variation amplitude 
in  [SIT] intensity within one Jovian rotation is larger than that of Figure 4.4 (open and filled 
circle), that is, the apparent intensity variation is negligibly small. 
  Figure 4.6 shows  [SIT] 673.1 nm intensity variation at the dawn ansa in the 1998 observation 
with respect to  Am. Observational data during a night was increased compared with previous 
year's ones. In the figure,  [SIT] intensity seems to vary with  Am. However, tendency and 
magnitude of the amplitude within one Jovian rotation is quite different from Figure 4.4 (open 
triangle mark). In addition, the phases of the intensity modulation against  Am  are different from 
each other. Thus, we can again confirm that the detected intensity variation is not apparent 
but true one. 
  Figure 4.7 shows all of  [SIT] 673.1 nm intensity of the 1998 observation with  Am. As can
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Figure 4.5:  [SII] 673.1 nm intensity variation at the dawn (upper) and dusk (lower) ansae in 
the 1997 observation with respect to System III longitude  (Am).  [SIT] intensity seems to vary 
with  Am at the dawn ansa. On the contrary,  Am dependence is hardly seen at the dusk.
be seen in this figure, we could obtain good longitude coverage in  A111. Average intensity 
shows  — 520 R in this period. In this figure, although data for the all observational period is 
superimposed, we cannot find a clear relation between  [SII] intensity and Am. However, there 
are some remarkable emissions in the range of  120°  < Am  <180°. They show intensities greater 
than 1000 R. These brighter emissions are sporadic phenomena, which show rapid increase in 
intensity and lasted only two hours or so. Examples of  these phenomena can be seen in the 
lower 2 panels in Figure 4.1 and August 25, September 24 and September 25 in Figure 4.6. 
  Similar sporadic enhancements of the emission were also confirmed in another observation. 
Figure 4.8 shows  [SIT] 673.1 nm intensity at the dawn ansa in the 1999 observation. The total 
amounts of data  are also smaller than the 1998 observation due to the shorter observational 
period. There exist some bright emissions between 120° and 180° in  A111. Average intensity in
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Figure 4.6:  [SIT] 673.1 nm intensity variation at the dawn ansa in the 1998 observation with 
respect to System III longitude. Phase and amplitude of each night vary with time. On average, 
they show more than a factor of 2 differences between the peak and valley in one Jovian rotation.
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Figure 4.7:  [SH] 673.1 nm emission at the dawn ansa in the 1998 observation. Although there 
is little relation with Am, there are some strong emissions greater than 1000 R in  120°  < Am  < 
 180°. However, there are also weak emissions in the same longitude range. Result of the dusk 
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Figure 4.8:  [SII] 673.1 nm emission intensity at the dawn ansa 
respect to System III longitude. There are strong emissions in 
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Figure 4.9:  [SII] 673.1 nm intensity in the 2000  -
III longitude at the dawn (upper) and dusk (lower) 
smallest among our 4 years observations.
2001 observation with respect to System 
 ansae. Average intensity of this period is
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this year was  ,--,450 R, lower than that of the 1998 observation by  -45%. There also can be 
seen no clear relation between  [SII] intensity and  Am. 
  In the 2000 - 2001 observation, due to the introduction of temperature control of the 
interference filter, we were able to use intensity data at both the dawn and dusk ansae as 
shown in Figure 4.9. In this observation, there were no sporadic enhancement in the region 
of 120°  <  Am  <180°. Average intensity in this period (dawn R, dusk  -,380 R) is much 
smaller than any other observations for four years. This implies that the torus shows yearly 
variation. 
  Throughout the 4 years observation, a clear regular relation between  [SII] intensity and  Am 
was not found in our dataset.
4.1.2 Long Timescale Variation 
  As shown in Figures 4.5, 4.7, 4.8 and 4.9,  [SIT] 673.1 nm intensity has a large variance 
with respect to the same System III longitude. Sometimes, emissions appear with very strong 
intensity in the region of  120°  <  Am  <180°, whereas emissions show lower intensity in the 
same longitude region. That is,  [SIT] emission from the  Io plasma torus shows variation over 
the timescale of larger than System III. As for the long-term variation in the plasma torus, 
however, there are few reports. The only result that focused on the long-term variation is by 
Brown and Bouchez [1997], who showed the enhancement of  [SIT] emission at a few tens of days 
after the enhancement of  NaI 589.6 nm and 589.0 nm emissions. However, it was only one 
result throughout one observational year. 
  In this section, we investigate the intensity variation in longer timescale than System III 
period. Figure 4.10 shows day-to-day variation of  [SII] emission in the 1997, 1998, 1999 and 
2000 - 2001 observations with respect to the modified Julian day (MJD). The longitude coverage 
of  [SII] emission for a night  differs from day to day. Therefore, it contains both the longitudinal 
and day-to-day variations. However, we can derive the long term intensity variation from each 
panel of this figure. 
  Figure 4.10 (a) shows  [SII] 673.1 nm intensity at the dawn and dusk ansae for the 1997 obser-
vation. Although the numbers of data are not so many in this observation as mentioned before, 
the variance of the emission intensity seems to be greater in the end part of the observation. 
  Figure 4.10 (b) shows variation of the dawn ansa in the 1998 observation. The lower level 
of  [SIT] 673.1 nm intensity is rather constant throughout the observational period. However, 
their amplitude varies with time. In the first half of the observation (MJD 51048  - 51062),
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Figure 4.10:  [SII] 673.1 nm intensity with respect to the modified  Julian day  (MJD). From the 
top to bottom, the data of (a) 1997 dawn and dusk, (b) 1998 dawn, (c) 1999 dawn and (d) 
2000 - 2001 dawn and dusk, are shown.  [SIT] intensity shows variation with time.
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the amplitude of modulation decreased with time. On the other hand, in the latter half of the 
observation (MJD 51066  - 51083), the amplitude gradually increased. 
  The 1999 observation shows a sudden change in amplitude. Figure 4.10 (c) shows  [SIT] 
673.1 nm variation at the dawn ansa in the 1999 observation. In the first two-third of the 
period,  [SIT] intensity lay in lower level and showed smaller amplitude. However, in the last part 
of the observation (MJD 51440  - 51444),  [SIT] intensity showed a sudden increase. This large 
amplitude is concerned with a sudden enhancement shown in the region of  120°  <  Am  <180°. 
  On the contrary, in the 2000 - 2001 observation, there can be seen a small change in ampli-
tude both at the dawn and dusk ansae with small average intensities, as shown in Figure 4.10  (d). 
However,  [Sill intensity seems to show a small but gradual increase with time at both ansae. 
  As for the much longer timescale, Figure 4.11 shows  [SIT] 673.1 nm intensity at the dawn 
ansa observed between 1997 and 2000 - 2001. Their statistical values are also summarized in 
Table 4.1. Average  [MI] intensity and its variance decreased with time. In particular intensity 
of 2000 - 2001 observation was quite smaller than our other observational results. These obser-
vational results suggest that plasma environment in the  Io plasma torus varies in the timescale 
of years.
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Figure 4.11: Long-term variation of  [SIT] 673.1 nm intensity between 1997 and 2001 with respect 
to MJD.  [SII] emission seems to show decrease with year both in intensities and variances.
70 CHAPTER 4. OBSERVATIONAL RESULTS
Table 4.1: Average intensities, standard deviations (a), maximum and minimum values of all 
 [SIT] 673.1 nm observations at the dawn ansa, which are shown in Figure 4.11. Unit of numbers 
are Rayleighs. Although average  [SIT] intensity and its variance became smaller with year, the 
minimum value of each year showed rather constant in these four years.
Year Average  a Max.  Min.
1997 583 192 1058 352
1998 522 188 1080 197
1999 450 152 869 257
2000 - 2001 307 86 603 177
  However, not all parameters in Table 4.1 obey this decreasing tendency. Although average 
and maximum intensity in the 1998 observation are much larger than those of the 2000 - 2001 
observation, minimum intensities in these two years lie on the comparable levels. On the other 
hand in 1999, its minimum intensity is larger than that of the 1998 observation. It needs some 
check before the physical discussion on this phenomenon, because minimum intensity in each 
year has dependence on the detection limit of the instrument.  However, detection limit of 
the instrument is smaller than the minimum intensities in the table by about one order. We 
thought that the phenomenon throughout 4 years is not caused by the detection limit but real 
feature. This suggests that there is a lower limit in emission intensity even in the case of weak 
intensity period, and also suggests that once a large plasma supply happens, emission intensity 
shows sudden enhancement and large variance as shown in Figure 4.11 and Table 4.1.
4.2 Dawn-Dusk Asymmetry
Theory
  There are two types of dawn-dusk asymmetry in the  Io plasma torus, that is, emission 
intensity and the torus structure. These asymmetry are thought to be caused by a dawn to 
dusk electric field (Barbosa and Kivelson [1983], Ip and Goertz [19831). From the observed 
dawn-dusk  asymmetry, the magnitude of the electric field can be estimated. Following Barbosa 
and Kivelson [1983] and Smyth and Combi [1988], we use the parameter  E which is the ratio 
of the dawn-dusk electric field to the corotation electric field  (-150  mV/m at the orbit of  Io).
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The displacement of the torus relative to the OTD magnetic field is expressed as , 
                   L =  L  (1  —  E  sin[ (I) —  R-)]), (4.1) 
where L is a dimensionless parameter describing the distance at which the field line crosses the 
magnetic equator in unit  [Rj] in the OTD frame,  1 is the angle of the plasma volume element 
from superior heliocentric conjunction,  778 means the direction of the electric field  (180° for 
dawn to dusk). L is displaced distance. 
   The brightness asymmetry is thought to be produced by modifications of the electron density 
and temperature. They are expressed as following equations (Smyth and Combi [1988]), 
 Tie = (1 —  3f[1 +  sin('1' —  (ris  —  7))1)nwe  , (4.2) 
                   Te = (1  — 3€[1 +  sin(cl) —  (97, —  7))1)Tew  , (4.3) 
where superscript w refers to the western side (dusk) of the torus where the Voyager measure-
ment was made. 
   In order to obtain the reference torus model which include the  "E" effect , we modified CITEP 
and calculated  [SIT] 673.1 nm emission at both ansae using the parameters of c=0.024,  qs=180° 
and the OTD magnetic field. As a result of this calculation , the dawn-dusk asymmetry was 
drawn on the image (Figure 4.12). Position of the ribbon shifts about 0.115  Rj (dawn: 5.84  R3, 
dusk : 5.61  Rj) relative to the center of Jupiter and average intensity at the dusk ansa is larger 
than that of the dawn ansa by 26% (dawn : 536 R, dusk : 673 R). This suggests that we can 
estimate the magnitude of the dawn-dusk electric field from an observed dawn-dusk asymmetry . 
Observational Results 
  Paying attention to the position of the ribbon at both ansae with respect to the distance 
from Jupiter, we can see the dawn-dusk position asymmetry . Because the magnitude of the 
displacement caused by the dawn-dusk electric field and the plate scale of our instrument are 
comparable, this asymmetry is derived from the average position of the ribbon . The detected 
position asymmetries between both ansae are in almost the same level throughout the obser-
vations between 1998 and 2001. The positions of the ribbon with respect to the System III 
longitude in each observation are shown in Figures 4.13, 4.14 and 4.15. Error bars mean a pixel 
size of the CCD camera. 
  Generally speaking, the position of the ribbon should be approximately in the fixed L-shell in 
the OTD magnetic field. Although there are larger deviations in positions, the ribbon position 
with respect to  Ain is almost fixed in a narrow L-shell region of the OTD model .
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Figure 4.12: Calculated dawn-dusk asymmetry including  €  effect based on CITEP. Dotted lines 
shown in both dawn and dusk are the orbital distance of  Io (5.91  Ri). In these calculations, 
 c=0.024,  17,=180° and OTD were used. Average position of the ribbon at both ansae are 5.84  Rj 
for the dawn and 5.61  Rj for the dusk ansa, respectively. Due to ne and Te modulations, 
intensity of the dawn ansa is lower than that of the dusk ansa by 26%.
4.2.  DAWN-DUSK  ASYMMETRY 73
 [SII] 673.1 nm Ribbon position 
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Figure 4.13: Variation in the ribbon position with respect to  Am at the dawn (upper) and dusk 
(lower) ansae. Error bars mean a pixel size of the CCD camera. Average positions at the dawn 
and dusk ribbon are 5.69  Rj and 5.53  Rj, respectively.
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Figure 4.14: The same format as Figure 4.13 but for the 1999 data. 
dawn and dusk ribbon are 5.72  RI and 5.59  Rj, respectively.
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Figure 4.15: The same format as Figure 4.13 but for the 2000 data. 
dawn and dusk ribbon are 5.76  Rj and 5.54 Rj, respectively.
Average positions at the
  As the past studies have shown, the position of the ribbon in our observation also showed 
displacement toward dawn as shown in Table 4.2. Although there are small differences year 
by year, they are negligible if we consider the plate scale of our instrument. The quantity of 
the displacement is about 0.2  R. That is + 0.1  Rj shift relative to the center of Jupiter. 
This displacement corresponds to  €  r  0.02. Throughout our observations , the magnitude of the 
dawn-dusk electric field seemed to be constant. 
  The intensity asymmetry was derived from the 2000 - 2001 observation. This has already 
been shown in Figure 4.9. The average intensity at the dusk ansa R) was brighter than
Table 4.2: Dawn-dusk asymmetry in the  Io plasma torus. From the observation,  E is estimated 
to be about 0.02.
Year dawn ribbon dusk ribbon  'dusk/Lawn
1998 5.69  Rj 5.53  Rj
1999 5.72 R3 5.59  R3
 2000-2001 5.76 R3 5.54  1.23
4.3. RADIAL PROFILE
that at the dawn ansa  (--#310 R) by  —23%. This result leads to  6 0.02 which is 




   The torus emission has an information about electron and ion distributions because ions are 
emitted by collisional excitation with electrons. So far, we have paid attention to the ribbon 
region as the representative of the torus. In this section, we focus on the radial profile of  [SIT] 
emission to investigate the radial distribution of  S± ion. 
   As mentioned before, there is an apparent variation in the plasma torus emission caused 
by the Jovian rotation. Before the investigation of the radial structure of the torus and its 
variability, it is essential to estimate the apparent variation. The magnitude of this geometrical 
effect depends on the radial distance of the torus. Estimation for this effect in radial profile 
was computed by using CITEP assuming the steady torus model. Figure 4.16 shows apparent 
variations of radial profiles of  [SII] 673.1 nm along the centrifugal equator. The figure shows 
that the apparent radial profile of  [SIT] emission is a function of both the radial distance and 
phase of the Jovian rotation. The geometrical effect in emission intensity is also dependent on 
the change of De. It becomes greater when De becomes larger as shown in the case of De=0.0° 
(right) and De=3.3° (left) in Figure 4.16. Outside 5.5  Rj, where the position of the ribbon is 
including, the apparent variation becomes smaller than ± 10%. This means that we can discuss 
the radial profile of the torus and its variability with the accuracy of  ±  10% with respect to 
the average intensity. 
  As a radial profile of  [SII] emissions, we extracted intensities along the line from the center 
of Jupiter through the center of the ribbon. As for each profile, we smoothed data by an average 
using the data of the nearest ± 2 pixels. Figure 4.17 shows an example of variations in the 
radial profiles. Although there is an effect of the existence of  Io near the edge of the mask 
in the top panel, there is stable structure of the plasma torus in the top and second panels. 
In addition to the stable structure, there are sudden enhancements only at the ribbon region 
in the third and bottom panels. The amplitude of this variation reaches a factor of 2. This 
dramatic change occurred within about 2.5 h from the top to bottom. 
  In order to derive the averaged radial structure of the plasma torus from each year's obser-
vation, we averaged all profiles without smoothing in each observation data and reconstruct the 
profile data with 0.1  Rj resolution. Due to the low resolution  (-,0.13  Rj) and the low quality
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Figure 4.16: Estimation for the apparent variation of radial profile in  [SIT] 673.1  nm along the 
centrifugal equator using CITEP in the case of De=0° (left) and  De=3.3° (right). Apparent 
variations of radial profiles for the Jovian rotational phase of every  10° are shown in the upper 
panels and their averages and standard deviations are shown in the lower panels. Apparent 
(geometrical) effect is dependent on both the rotational phase of Jupiter and De. As also 
shown in Figure 4.4, apparent variation becomes lower than ± 10% with respect to the average 
intensity outside the distance of 5.5  R. Since CITEP uses the Voyager based model, intensity 
peak of  [SII] emission is appeared in the cold torus.
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Figure 4.17: An example of variation of the radial profile of  [SIT] 673.1 nm at the dawn taken 
on September 25, 1998 for successive nearly 2.5 hours. These profiles are the same data in the 
lower 4 panels in Figure 4.1.  [Sill profile shows sudden enhancement in the ribbon. Brighter 
emission near the edge of the mask in the top panel is  Io's scattered light (see the second panel 
of Figure  4.1).
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of data, we exclude the data in the 1997 observation from this analysis. 
   The obtained results are shown in Figures 4.18 and 4.19. Error bars in the figure are standard 
deviations of the positions. As for the data in 1998 and 1999, the comparison of the intensity 
between dawn and dusk profiles is not adequate due to the transmittance characteristics of the 
interference filters as has been described in Chapter 2. However, the comparison of the shape 
of the profile is meaningful in this case. 
  In the top panel of Figure 4.18 shows averaged profiles of  [SII] 673.1 nm of the 1998 ob-
servation. These profiles were made only by using non-binning data. This profile shows a 
single peak at the ribbon. Also, the peak position difference between dawn and dusk is clearly 
seen indicating the dawn-dusk asymmetry as described in Section 4.2. In the middle panel of 
Figure 4.18, result of the 1999 observation is shown. There still shows a single peak of the 
ribbon, but its width becomes broader than the result of 1998. On the contrary, in the 2000  -
2001 observation, the shape of the radial structure of  [SIT] 673.1 nm changed. As shown in the 
bottom panel of Figure 4.18, there are  flat peak, or twin peaks which should be caused by the 
cold torus and ribbon. 
  Figure 4.19 shows comparison of the radial profiles between  [SII] 673.1 nm and  [SII] 671.6 nm 
emissions at the dawn ansa. The radial profiles of both emissions are quite similar but have 
somewhat  different intensities. Generally, in the  Io plasma torus,  [SIT] 673.1 nm emission is 
brighter than that of  [SIT] 671.6 nm. However, their intensity ratio is different from year to 
year. The intensity difference becomes smaller from top to bottom in the figure. In the bottom, 
that is, in the 2000 - 2001 observation, these emission intensities are almost in the same level . 
  At the time of the Voyager 1 measurement,  S± ion distribution showed the peak in the
cold torus (Bagenal and Sullivan [1981]). Therefore, CITEP  [SIT] image shows the brightest 
emission in the cold torus. However, recent ground-based observations of  [SIT] 673.1 nm have 
showed the peak in the ribbon (Trauger [1984], Schneider and Trauger [1995]). It means that 
ion distribution in the plasma torus changes with time. Our results show the change in the 
distribution of  S± ion in the plasma torus. Radial profile of  S± ion in the 2000 - 2001 observation 
was relatively similar to that of the Voyager 1 measurement with smaller density.
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Figure 4.18: Average radial profiles of  [SIT] 673.1 nm at the dawn (left) and dusk  (right). Error 
bars mean the standard deviations. As for profiles in the 1998 and 1999 observations, intensities 
at the dusk ansa are underestimated. (Top) Profiles in the 1998 observation. These profiles 
were made by averaging over 66 data for the dawn ansa and 60 data for the dusk ansa. There 
is a remarkable peak in the ribbon. (Middle) Profiles in the 1999 observation. These were 
averaging over 74 profiles for the dawn and 83 profiles for the dusk. (Bottom) Profiles in the 
2000 - 2001 observation. The numbers of data used to made average profiles are 79 for the 
dawn and 70 for the dusk.
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Figure 4.19: Average radial profiles of  [SII] 673.1 nm  (o) and  [SIT] 671.6 nm  (Lx) emission 
intensities at the dawn ansa in the 1998 (top), 1999 (middle) and 2000 - 2001 observations 
(bottom). Error bar in each panel means the standard deviation. Although shapes of the 
profiles of both emissions are similar, their intensities are somewhat different. Generally,  [SIT] 
673.1 nm intensity is larger than that of  [SIT] 671.6  nm. However, there are differences in 


















Figure 4.20:  Energy-level diagram of the 3p3 ground configuration of  [SIT].
4.4 Electron Density
  According to Osterbrock [1989] and Thomas [1992], the average electron density in the 
plasma torus can be estimated based on the effect of collisional de-excitation. This can be 
done by comparing the intensities of two lines emitted from different levels which are nearly 
the same excitation energy. The relative excitation rates at the two levels depend only on the 
ratio of collision strength. If the two levels have different transition probabilities (Einstein A 
coefficients) or different collisional  de-excitation rates, the relative populations of the two levels, 
that is the ratio of intensities of the lines, will depend on the electron density. 
  The ratio of  [MI] 671.6 nm /673.1 nm is known as one of the best examples for the electron 
density estimation. Energy-level diagram of  5+ ion is shown in Figure 4.20.  [SII] 673.1 nm and 
671.6 nm emissions are the 2D312 and 2D512 levels. If the collisional  de-excitation is negligible 
 (ne 0), emission ratio between two lines is determined only by their statistical weights, since 
the relative excitation rates of the 2D312 and 2D5/2 levels are proportional to their statistical 
weights, 
 1671.6  2  x  5/2  ±  1                   -=  1.5. (4.4) 
 '673.1 2 x 3/2  + 1 
On the other hand, if collisional  dc-excitation is dominant  (ne  -+  Do), the ratio is proportional 
to both the statistical weight and transition probability (2D512 : 2.6 x  10-4  [  s-1], 2D312
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Figure 4.21: The intensity ratio of  [MI] 673.1 nm  to  [SII]  671.6 nm (671.6/673.1). In this figure, 
the emission rate probabilities in CITEP were used. The ratio is sensitive to electron density. 
Considering the electron density in the  Io plasma torus, it is reasonable that  [SII] 673.1 nm 
emission is generally stronger than that of  [SIT] 671.6 nm.
8.8 x  10-4  [ Osterbrock [19891), then, 
 N2D5/2 A671 ,632.6 x  10-4           '671.6 -   = X  = 0.44.  (4.5) 
                     '673 .1N2D312  A673.1 2 8.8 x 10-4 
                                             Between these two extreme cases, the ratio between  [MI] 673.1 nm and  [SIT] 671.6 nm 
intensities varies mainly with  ne. Using the rate coefficients of these two states, which  are used 
in CITEP, the ratio between these emission (/                                    \-671.6/1673.1) with respect to the electron density 
and temperature is shown in Figure 4.21. As can be seen in this figure, this ratio is much 
more sensitive to electron density than electron temperature. This table was used to estimate 
the electron density from observed intensities of both emissions assuming a reasonable electron 
temperature. In the case of ne  = 3000  cm-3, which is typical electron density in the ribbon, 
the ratio of rate coefficient has a value less than unity. That is why  [SIl] 673.1 nm emission is 
generally stronger than  [SIT] 671.6 nm emission in the ribbon. 
  According to the Voyager 1 measurement, the typical electron temperature in the plasma
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Figure 4.22: Electron temperature in the  To plasma torus used in CITEP. This profile was 
based on the measurement by Voyager 1. There are gradual increases in Te with respect to the 
increase of the distance from Jupiter.
torus is about 5  eV as shown in Figure 4.22. Therefore, we used the emission rate probabilities 
of [SIT] 673.1 nm and  [SIT] 671.6 nm, at  Te=4.961 eV in this estimation. 
  As a test, we carried out this electron  density estimation along the centrifugal equator using 
calculated  [Sil] doublet by CITEP. Figure 4.23 shows calculated images of  [SIT] 673.1 nm and 
 [SIT] 671.6 nm, and their profiles. These calculations were carried out with the resolution of 
0.1  R3, which is almost the same as our observations. Comparison of the estimated electron 
density with the original electron density given in CITEP is shown in the bottom panels of 
Figure 4.23. Since imaging data contains the line of site integrations, there are differences 
between the estimated and actually given  electron density profiles. However, their tendencies 
and quantity are similar. Thus, it can be said that the intensity ratio of  [SIT] doublet becomes 
an indicator of the electron density in the plasma torus. 
  To derive the statistical electron density distribution, we used averaged profiles of the  [SIT] 
673.1 nm and  [SIT] 671.6 nm emissions obtained in this study (Figure 4.19). 
  Figure 4.24 shows results of the estimated electron density distribution along the centrifugal 
equator at the dawn ansa for the 1998 and 2000 - 2001 observations. As a comparison, radial 
profile of estimated electron density using the intensity ratio of CITEP images of  [SIT] doublet 
(dashed line) is also plotted. The electron density in the plasma torus showed dramatically 
changes within three years. 
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Figure 4.23: Estimation for electron density from the ratio of  [SII] doublet using CITEP. Spatial 
resolution of this calculation is 0.1  R. The top and second panels are calculated images of 
 [SIT]  673.1 nm and  [SII] 671.6 nm and their radial profiles. The third panel shows their ratio. 
Using the radial profile of the ratio and relation between electron density and intensity ratio 
at  Te=4.961 eV, electron density is estimated as shown in the bottom right (red  line). In the 
bottom, meridional electron density given in CITEP is also shown both in image (left) and 
profile (right; green dashed  line). Since observed  [SII] emissions are the results of line of sight 
integrations, there are  differences between estimated and given electron densities. However, 
tendencies of these profiles are similar.
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a  similar value and structure compared with the CITEP profile in the bottom right panel 
of Figure 4.23. In the 1999 observation, although the structure is somewhat different, peak 
electron density shows similar to the result of the 1998 observation as shown in the middle 
panel of Figure 4.24. On the contrary, in the 2000 - 2001 observation, estimated electron 
density (the bottom panel of Figure 4.24) shows quite a small value compared with other 
results. It is qualitatively consistent with a remarkable decrease in  [SIT] emission in the 2000  -
2001 observation.
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Estimated electron density at the dawn ansa 
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Figure 4.24: Estimated electron density profiles along the torus equator at the dawn ansa in the 
1998 (top), 1999 (middle) and 2000 - 2001 (bottom). As a reference, estimated electron density 
profiles using the CITEP images of  [RI] doublet (dashed lines, bottom right in Figure 4.23) are 
also plotted. From 1998 to 2000 - 2001, electron density in the plasma torus shows decrease, 
especially in the 2000 - 2001 observation. This is consistent with the decrease of  [SIT] 673.1 nm 
intensity in 2000 - 2001.
Chapter 5
Periodicity Analysis
  As mentioned in the previous section,  [SIT] intensity variation did not show a clear depen-
dence on the System III longitude from the statistical analysis. However, it seems to vary with 
a period near the System III period during a night. In order to investigate the periodicities in 
the  Io plasma torus, the detailed periodicity research is necessary. In this Chapter, we show the 
periodicity analysis using the "Lomb-Scargle weighted periodogram" ( Woodward [1992], Wood-
ward et al. [1994]). By extracting the fundamental period in the periodogram, we obtained the 
reference curve of  [SIT] emission against the period.
5.1 Periodicity Longer than System III
  Some reports of the ground-based observations for the  Io plasma torus have shown System 
III dependence of the torus (as reviewed in Thomas  [1993b]), others id shown the periodicity 
longer than System III by  -,3% (Roesler et al. [1984], Woodward  [1992]). Generally, System 
III dependence is reported from a short period (a few days) observation and longer periodicity 
is based on the longer period (a few weeks) observation. Sandel and Dessler [19881 called this 
 —3% longer periodicity as "System IV" and proposed a new longitude system with a period of 
10.224 h.  On the contrary, Brown [1995] showed both the System III and 10.214 h periodicities 
of  [SIT] emission in the same data set taken for 6 month. Although there are small differences in 
their periodicities, it is no doubt that there  are longer periodicities than the System III period 
of 9.925 h in the  Io plasma torus. 
  In our data, there were statistically few relations between the  [SIT] intensity and System III 
longitude as shown in Chapter 4. However, it seems that the  [SII] emission from the  Io plasma 
torus shows variation with a period near System III when we see the daily data. As a candidate 
for the periodicity of our data set, we used the System IV (1992) period of 10.214 h (Brown
87
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Figure 5.1: [SIT]  673.1 nm intensities with respect to  Al  (1992) (Brown [1995]), which was 
defined, using 10.214 h period as shown in Equation (5.1). (a) Result of this study for the 1998 
observation at the dawn ansa. [SIT] emission shows clearer relation with  An/ than  Am. (b)  [SIT] 
673.1 nm at the dusk  6Rj taken for 6 months in the 1991 - 1992 observations by M. Brown 
(after Brown  [1995]). Solid line means best-fit function to the data. Both data show similar 
tendency with a little difference in their phase.
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 [1995]) by way of trial. The definition of the System IV longitude  )iv(1992) by Brown [1995] 
is,
 Aw(1992)  = Am —  24°.6 x (t —  t0) + 223° 
        =  845°.90 x (t  —  to) +  115°,
(5.1) 
(5.2)
where t is Julian days from  to, which refers to 00:00 UT on January 1 , 1992. Here, we con-
cern with only the periodicity although our observational date is out of range to the def-
inition by Brown [1995] (between October 1, 1990 and August 1, 1993). As an example, 
Figure 5.1 (a) shows  [SIT] 673.1 nm intensity at the dawn ansa in the 1998 observation with 
respect to  Al  (1992). Compared with Figure 4.7,  [SIT] intensity shows systematic variation and 
variances become smaller. That is, we found clearer relation between  [Sil] intensity and System 
 IV,  rather than System III. In Figure 5.1 (b), we also show the result of  [SII] 673.1 nm intensity 
at 6  Rj (outside the ribbon region) dusk by Brown [1995]. Although here we quote the result 
of the dusk ansa, he showed the same periodicity at the dawn ansa. Since his data consists of 
6 months' observations, there might be large variances in  [SIT] emission caused by a long-term 
variation of the plasma torus. Best-fit curve is superimposed on the figure (solid line). Com-
pared of the result of this study with Brown's best-fit curve, there is similar tendency but small 
deference in  their phases. It is the first clue that we convinced the existence of non-System III 
dependence in the data of this study. 
  Although  [SIT] emission seems to show System IV dependence, it is only a test result of 
periodicity in our data set. In order to confirm the periodicity in  [SIT] emission, it is necessary 
to carry out detailed periodicity analysis using the same method used by Woodward [1992] and 
Brown  [1995].
5.2 Periodicity Search Method
  In order to obtain a periodogram and look for periodicities from a time series data, a Fast 
Fourier Transformation (FFT) is very useful, if it is evenly sampled. However, generally, it is 
very difficult to obtain data with a constant sampling rate for astrophysical and geophysical 
events based on observations using telescopes. We can hardly control the sampling time as we 
want. Therefore, FFT is ineffective for our data. 
  A method of spectral analysis for unevenly sampled data was developed by Lomb [1976] 
and  Scargle [1982], and modified by  Horne and Baliunas  [1986] (hereafter the  Lomb-Scargle
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periodogram). For N data points  yi  y(ti), i = 1, ..., N, the average and variance of the data 
are obtained by the usual formulas, 
 1  N  N 
            9 =N E=N — 1  E(yi - 9).  (5.3) 
The  Lomb-Scargle p riodogram (spectrum power as a function of w =  27f) is defined by,
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  However, this periodogram cannot take into account of  difference in statistical weight of 
each data point. In our data set, there are  differences in exposure time and binning mode 
throughout each year's observation. To modify this problem, Woodward  119921 improved the 
Lomb-Scargle periodogram including a statistical weight of each datum  (0-i). After this modi-
fication, a normalized power at an angular frequency  co is expressed as,
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According to Woodward  [1992], we used this type of periodogram for our data. The detail 
description of this periodogram is shown in Woodward  [1992]. 
  Using the angular frequency at the highest peak in the periodogram, we fitted a following 
sinusoidal function to the data, 
                    y(t) =  A  cos  wt +  B  sin  wt +  C, (5.7)
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where A and B are coefficients obtained from fitting and C is an offset level of the data. 
This function is defined as a "reference curve" of the data. This function is also used for pre-
whitening, which consists of subtracting the amplitude component of Equation (5.7)  { y(ti)  —C1 
from the data  yi(ti). When a periodogram of this pre-whitened data is computed, not only the 
peak at the subtracted frequency, but also all peaks which were caused by the interaction of 
the subtracted frequency are removed. 
  Since periodograms are computed for a wide frequency range, the tallest peak should be 
evaluated for verification. The false-alarm probability for the highest peak is,
                   2z-(N-1)/21  N, FA(z) = 1 — [1 — (1 +  
                N — 1) (5.8)
where  Ni is the number of independent frequencies evaluated from the periodogram.  FA(z) 
is the probability that could have reached a height of z as a result of Gaussian noise alone. 
This test is against the null hypothesis of random, Gaussian noise and it may be only properly 
applied to the tallest peak ( Woodward [1992]). As the significance level of the highest peak, we 
used 1 — FA(z). 
  As for the uncertainty of the peak frequency in the periodogram, Woodward [1992] used an 
expression based on the following argument  : From observations spanning a period of T, one 
should, at minimum, be able to distinguish between a signal of frequency f which goes through 
n cycles in the interval T, and frequency f' which goes through n 1/2 cycles; i.e., drifts 180° 
out of phase with f over T. The difference between these frequencies is,
 =  f  -  f'  =
n  — ± 1/2)
 T
 = +1 
  2T
(5.9)
It corresponds to the time differences of, 
                          Af T2           = T =(5 .10) 
 2T• 
In the case of observations spanning 20 days (480 h), we have an uncertainty of 0.1 h around the 
period of 10 h. In order to distinguish the difference between the System III and the so-called 
System IV periods  (AT  ti0.275 h), it is necessary to carry out, at least, 10 days of observations. 
There are few problems in our data as for the length of the observational span and the number 
of data except for the 1997 observation. The spans, the number of data and an uncertainty of 
the periodogram for the case of 10 h period of each observation are shown in Table 5.1.
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Table 5.1: Total observational spans, the numbers of data and uncertainties of the periodogram 
 (AT h) at the period of 10 h for  [SIT] 673.1 nm observations.






























  As the time base of data acquisition, we used a time at Jupiter considering the geocentric 
distance at the time of observation and the light speed. The geocentric distance of Jupiter 
changes between 3.96 and 4.29 AU in our observational period, these distance range corresponds 
to the time differences of 32.9 and 35.7 minutes (light travel  time). In addition, we considered 
relative motion between Jupiter and the Earth caused by  their orbital motions with respect to 
the equinox point of Jupiter. That is, we considered difference in local time of Jupiter viewed 
from the Earth and orbital motion of Jupiter. The origin of time in each year observation 
was set to UT 00:00 on the first observational day, and the date was converted to the time at 
Jupiter. Therefore, the reference point of each observation is different from year to year.
Periodograms 
  Figure 5.2 shows a result of the weighted Lomb-Scargle periodogram of  [SIIJ 673.1 nm at 
the dawn in the 1998 observation. Vertical dashed line in the figure means the System III 
period of 9.925 h, and horizontal lines and numbers on the right side of the figure mean the 
false alarm probabilities of the tallest peak. Since the observation span in this year is longer 
than that of other years, there is a large advantage in  periodicity analysis. As can be seen in 
the figure, the highest peak at 10.18 ± 0.06 h appears with significance level of larger than 
99.999%. This period is somewhat shorter than Brown's System IV period (10.214 h period). 
From this periodogram, it is also confirmed that there are  periodicities neither System III nor
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its half period, which may be caused by the torus geometry if we neglect the anomaly of the 
magnetic field. 
   There is a secondary peak seen near 17.6 hour (0.0564  h-1) in this periodogram. However, 
when we subtracted a component of 10.18 h periodicity from the data (pre-whitening), the 
secondary peak is also disappeared from the periodogram as shown in Figure 5.3. Therefore, 
this is not a real peak. This reason is concluded to be caused by the interaction of daily 
sampling (1/24  h') effect with 10.18 h period, that is, 
            11 11  
 f10.18 24 17.69(5.11) 
There is also the same type of peak at 7.14 h (0.1401  h-                                           1,  10118  + the third peak in 
Figure 5.2. This type of peaks often appeared in the following figures. 
   On the contrary, in Figure 5.4, there is no remarkable periodicity in the  periodogram of 
 [SIT] 673.1 nm at the dusk ansa in the 1998 observation, although the peak with a lower power 
is at 10.32 ± 0.07 h. This period is a little bit longer, even if we consider the uncertainty of the 
periodogram. Moreover, this periodogram is quite noisy compared with Figure 5.2 and heights 
of peaks are quite low, almost the same level as the periodogram of the pre-whitened data. 
This must be mainly caused by the bad matching of the wavelength transmission characteristic 
of the interference filter under the low atmospheric temperature, as mentioned in Chapter 2. 
Therefore, obtained peak period in this periodogram is unreliable. 
  Figure 5.5 shows the periodogram of  [SII] 673.1 nm at the dawn ansa in the 1999 observation. 
Since the observational span of this observation is shorter than the 1998 observation, a spectral 
width of each peak in the periodogram becomes broader. Although the peak value is not so 
large, there is the highest peak at the period of 10.29  + 0.14 h. This period is somewhat 
longer than that of the 1998 dawn data. However, this difference is within the uncertainty 
of the periodogram. At the dusk ansa, there is no remarkable periodicity in the periodogram 
throughout the region of our interest (Figure 5.6), showing much more noisy feature than 
the dawn ansa. In this observation, we used two kinds of interference filters for the  [SII] 
673.1 nm emission, the one was the same as the previous observations and the other has 
transmission characteristic toward longer wavelength. This noisy periodogram may be caused 
by the composite use of these two different filters. It is the reason why we decided to use a 
temperature control unit in our observational system. 
  From the observations in 2000 - 2001, we can obtain the periodograms of both ansae. As 
shown in Figures 5.7 and 5.8, there is  -40.2 h periodicity in the  [SII] 673.1 nm emission at
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Figure 5.2: Periodogram of  [SIT] 673.1 nm at the dawn ansa in the 1998 observation. Horizontal 
axis means frequency in  11-1 unit. A vertical dashed line means the System III period of 9.925 h. 
Horizontal lines and numbers on the right mean the false alarm probabilities FA(z). There is 
the highest peak at the period of 10.18 ± 0.06 h with the significance level of 99.9993%, with 
longer period than System III. The secondary and third peaks at the 17.6 h (0.0564  11-1) and 
7.14 h (0.1401  h-1) are results of daily sampling (1/24  h-1) effect.
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Figure 5.3: Periodogram result of  [SII] 673.1 nm at the dawn ansa in the 1998 observation after 
the pre-whitening of 10.18 h periodicity. In addition to the peak at 10 .18 h, the secondary and 
third peaks at 17.6 h and 7.14 h in Figure 5.2 also disappeared from the  Periodogram.
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Figure 5.4: Periodogram result of  [SEE] 673.1  nm at the dusk in the 1998 observation. There 
is the tallest peak at 10.32 + 0.07 h. However, the false alarm probabilities show larger value 
than those of Figure 5.2 and the entire spectrum becomes noisy. These are thought to be the 
result of the unreliable data set of this year.
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both  ansae. Although the magnitude of the  [SIT] 673.1 nm emission was smaller in this year, as 
shown in Chapter 4, periodicity itself was very clear and close to that of the other observations . 
The highest peaks of the periodgrams lie at 10.14 ± 0.11 h period at the dawn ansa and 10 .16  + 
0.11 h period at the dusk ansa. Although there are small differences between the periodicities 
of the dawn and dusk, they are within the uncertainties of the periodograms . From the result 
of this periodicity at the dusk, we are convince of the success in the temperature control of the 
interference filter. 
   In the 1997 observation, the number of data is not enough to obtain meaningful results from 
the  periodogram. The height of peak period never reached the significance level of 50% . 
  The results of the periodicity search using the weighted  Lomb-Scargle periodogram in each 
year's observation are summarized in Table 5.2. 
  As shown in above analysis, there is no remarkable peak at the System III period of 9 .925 h in 
all the periodgrams. It is not consistent with the result of Brown  [1995], which showed the twin 
peaks at both the System III and 10.214 + 0.006 h periods. On the contrary, Woodward [1992] 
showed a single peak at the 10.14 + 0.06 h period in his periodograms , which is consistent with 
our results. 
  These differences may be caused by the differences in their observational method; i .e., a 
spectroscopic study using a slit (Brown) and a combination of an imaging and spectroscopic 
study using Fabry-Perot  (Woodward). Brown used a long slit which enable to observe both 
ansae  simultaneously, and rotated the slit with respect to the centrifugal equator which was 
estimated from CML at the middle time of observation . Therefore, there was the possibility 
that the System III period was unconsciously included in the data .
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Figure  5.5: Periodogram result of  [Sill 673.1 nm at the dawn in the 1999 observation. The 
highest peak lies at 10.29 ± 0.14 h, a little bit longer than the result of 1998. However, this 
difference is within the uncertainty of the periodogram. Broader width of each  peak compared 
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Figure 5.6: Periodogram result of  [Sill 673.1 nm at the dusk in the 1999 observation. Although 
there is a minor peak at 52.08 + 3.30  h period, there is no remarkable periodicity in this 
periodogram. This strange result is thought to be partly caused by a composite use of two 
types of interference filters with  different characteristics of transmission wavelength .
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Figure 5.7: Periodogram result of  [SIT] 673.1  mu at the dawn in the 2000 - 2001 observation. 
There is a peak at 10.14  + 0.11 h. Although the  [SIT] intensity of this observation was smaller 
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Figure 5.8: Periodogram result of  [SIIl 673.1 nm at the dusk in the 2000 - 2001 observation. 
Due to the introduction of the temperature control unit, we finally obtained a meaningful result 
for the dusk ansa. The highest peak can be seen at 10.16 ± 0.11 h. It is consistent with the 
result of the dawn within the uncertainty of the periodogram.
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Table 5.2: Summary of the  periodicities in the  [SII] 673.1 nm emission from the To plasma torus 
estimated with the weighted  Lomb-Scargle periodogram.




1 10.18 + 0.06 h
1999 1 10.29 ± 0.14 h
 2000-2001 I 10.14 + 0.11 h 10.16 ± 0.11 h
Reference Curves 
  Using the period of the highest peak in the periodogram, we obtained a sinusoidal function 
as shown in Equation (5.7) for each observation. This function is useful to derive the average 
periodic variation of  [SIT] intensity with the peak period and to subtract the periodic component 
from the data. Therefore, we call this function as the "reference curve" for the periodicity of 
the  [SIT] emission. 
  Figure 5.9 shows the  [SIT] 673.1 nm emission at the dawn for each night in the 1998 ob-
servation. In this figure, we used the same data with those in Figure 4.6. The difference of 
these figures is only a time code shown on the horizontal axis. A red line in each panel is the 
reference curve whose period is 10.18 h, defined as, 
                   y(t) = 122.6  cos  wt  — 61.3  sin  wt + 420.9, (5.12) 
where t is a time at Jupiter refers to 00:00 UT on August 23, 1998 (MJD 51048.0) in hour unit 
and w is defined as, 
 27r(t  +  1.63  —  422.70) 
 w  =(5.13) 
 10.18 
 [SII] intensity shows similar tendency to the reference curve in each observational night. 
  Figure 5.10 shows phase plot of the  [SIT] 673.1 nm emission with respect to the reference 
curve of 10.18 h period. The  [SIT] emission does show intensity variation with this timescale. 
In this figure, there are some strong emissions near the peak phase of the reference curve. 
These emissions are located in the region of  120° < <  180', which is previously shown in 
Chapter 4. 
  As mentioned in the previous chapter, this type of enhancement took place also in the 1999 
observation. Figure 5.11 shows phase plot of the  [SIT] 673.1 nm emission with 10.29 h period
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Figure 5.9:  [SIT] 673.1 nm intensity with time 
reference curve obtained from the periodogram 
means a part of day whose origin is UT 00:00. 
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Figure 5.10:  [Sil] 673.1 nm at the dawn in the 1998 observation with 10.18 
line means the reference curve. There are some bright emissions near the peak 
curve. They are the emissions located in the region of 120° <  Arii<180'.
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Figure 5.11:  [SIT] 673.1 nm at the dawn in the 1999 observation with 10.29 h period. Red line 
means the reference curve. Similar to Figure 5.10, bright emissions are seen near the peak of 
the reference curve. They are located in the region of  120°  <  Am  <180°.
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Figure 5.12:  [SIT] 673.1 nm at the  dawn (upper) and dusk (lower), respectively, in the 2000  -
2001 observation. Red and blue lines mean the reference curves of each ansa. Since the epoch 
of the reference curves is the same, tendencies of the reference curves  are out of phase between 
the dawn and dusk.
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at the dawn ansa in the 1999 observation. We defined the reference curve as, 
                   y(t) = —77.6  cos  wt — 84.0 sin  wt + 414.0, (5.14) 
                        = 
                     27(t — 0.09 — 230.09)
10.29(5.15) 
   w where the origin  of t is 00:00 UT on September 5, 1999 (MJD 51426.0). As can be seen in this 
figure,  [SIT] emission shows enhancement near the peak phase of the reference curve. These 
emissions  are also the same ones located in the range of 120°  <  < 180° as shown in 
Figure 4.8. 
  On the contrary in the 2000 - 2001 observation, as shown in Figure 5.12, there is little 
enhancement in the phase plot of both at the dawn (upper panel) and dusk (lower panel) 
ansae. Since we used the same epoch for the both  ansae, tendencies of the reference curves 
with time are out of phase almost  180°. Their definitions are as follows, 
 Ydawn  (t) = —21.5  cos  Wdawnt + 63.9 sin  Wdawnt + 287.3, (5.16) 
 27(t — 0.02 — 251.54) 
        Wdawn =  7 (5.17) 
 10.14 
 Ydusk  (t) =  96.3  cos  wduskt — 21.7  sin  wdaskt + 348.4, (5.18) 
 27(t + 0.04 — 259.93) 
        Wdusk =• (5.19) 
 10.16 
where t refers to 00:00 UT on December 16, 2000 (MJD 51894.0). 
  Subtracting the reference curves from the data, that is the same procedure with the pre-
whitening, we can obtain the deviation of the  [SIT] emission from the averaged feature. Fig-
ure 5.13 shows results of this subtraction between the 1998 and 2000 - 2001 observation with 
respect to the modified Julian day. Deviation from the reference usually shows almost the same 
level within ± 200 R in the 1998 and 1999 observations and ± 150 R in the 2000 - 2001 obser-
vation. However, there are sometimes large deviations toward plus direction from the reference, 
which correspond to the sudden enhancements took place in the region of 120°  <  Affi  <  180°.
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Figure 5.13: Revised day-to-day variation of the  1SII] 673.1 nm intensity of the (a) 1998 dawn, 
(b) 1999 dawn and (c) 2000 - 2001 observations. From raw intensity data, the reference curves 
are subtracted in order to reduce periodic component with  ,--10.2 h.
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System IV 
  From the periodicity search, we obtained the clear periodicities at the dawn ansa between 
1998 and 2000 - 2001 within the uncertainties of periodograms. Among these periodicities, 
a result of 1998 observation has more reliable than other observational result, because of the 
length of the observational span. Therefore, using this year's period, 10.18 + 0.06 h, we create 
a new longitude system, System IV (2001) longitude. The origin of the longitude is defined to 
be  0° at 00:00 UT on January 1, 2001 (MJD 51910.0), the beginning of this century. Including 
the orbital motion of Jupiter and the Earth, the System IV (2001) longitude  ()qv  (2001)) is 
expressed as, 
 Aiv  (2001) =  Am —  21°.82  (t —  51909.9755) + 39°.09. (5.20) 
Since there is time difference caused by the planetary aberration, the origin day in MJD is 
somewhat different from 51910.0. 
  Using this longitude, we plotted all data of  [SIT] 673.1 nm emission at the dawn ansa between 
the 1998 and 2000 - 2001 observations in Figure 5.14. Since the magnitude of the  [SII] emission 
in the 2000 - 2001 observation was smaller, we multiplied the intensities by 1.6 in this figure. 
As a result, the  [SIT] intensity in each year shows similar feature with respect to  Aiv  (2001). As 
an example of the dusk ansa, we show the result of the 2000 - 2001 observation in Figure 5.15. 
These data are also multiplied by 1.6. Similar trend with the dawn ansa can be seen in the 
 figure. 
  Although it is difficult to find a meaningful periodicity for the 1997 observation data with the 
Lomb-Scargle periodogram because of their small number of data, we can confirm its variation 
using  Aiv(2001). Figure 5.16 shows the  [SIT] 673.1 nm intensity with respect to  AnT(2001) at 
both the dawn and dusk  ansae. The figure shows different tendency with other results shown 
in Figures 5.14 and 5.15. That is,  although there exist sinusoidal variation with this period, 
phase of their variation are completely turned over.
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Figure 5.14:  [SIT] 673.1  nm intensity at the dawn ansa in the 1998  (o), 1999 (A) and 2000  -
2001 (0) observations with respect to  )4\7(2001). Since intensity of the 2000 - 2001 observation 
is smaller, it is multiplied by a factor of 1.6. All observational data shows similar tendency 
with the  'iv defined in this study.
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Figure 5.15:  [SII] 673.1 nm intensity at the dusk ansa in the 2000 - 2001 observation with 
respect to  Aw(2001). It is also multiplied by a factor of 1.6. There are similar tendency with 
the result of the dawn ansa.
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 [SII] 673.1 nm in 1997 observation vs System IV(2001)
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Figure 5.16: [SIT] 673.1 nm intensity at the dawn  (o) and dusk  (•) in the 1997 observation. 
Intensity variations with respect to  Arv(2001) are completely different from other year's results.
Chapter 6
Discussions
  We carried out imaging observations of  [SIT] emissions from the  Io plasma torus for four 
years. From these observations, we found some interesting phenomena as shown in Chapter 4 
and 5. In this chapter, we show the interpretation of the observational results. Intensity 
variations, both in temporal and spatial, have information such as dynamical plasma transport 
and diffusion mechanisms in the plasma torus. We mainly paid attention to the time variation 
of emission intensity of the plasma torus, in other words, variation in the line of sight plasma 
density. From these variations, we can roughly estimate the volcanic activity of the satellite 




  As shown in Figure 4.1 and Figure 4.2, the apparent structure of the plasma torus corotates 
with Jupiter. Therefore, it is simply thought that [SIT] emission intensity has the  Am depen-
dence. When azimuthal symmetry of distribution is assumed,  [SIT] intensity varies with System 
III and its half periods because of a geometrical effect. Even if there is longitudinal asymmetry 
in the plasma torus,  [SIT] intensity is expected to show the  Ain dependence. Nonetheless, as 
shown in Figures 4.5 to 4.9,  [SP 673.1 nm intensity has little relation to  Am. There is a discrep-
ancy between the apparent motion and emission intensity of the plasma torus. As described in 
Chapter 5,  [SIT] intensity shows not the System  III period of 9.925 h, but  ,--40.2 h periodicity 
throughout 4 years of observations. 
  As summarized in Thomas [1993b], some of the past observations showed the System III
111
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dependence of  [SIT] emissions. Our results seem to be conflict with these results. However, 
the observational period of such observations were, at most, a week, much shorter than our 
observations. In such cases, since the difference in period between 9.925 h and 10.2 h is small, 
even if  [Sil] emission actually has the 10.2 h periodicity, it is not distinguishable. As a result, 
emission intensity varies as if it had the System III periodicity. 
  Our analyses around the timescale of  r‘,10 h in Chapters 4 and 5 showed the following 
results. 
  • Although short-term variation of  [SIT] 673.1 nm emission nearly shows System III depen-
    dence, this feature smears out throughout one observational span of each year. 
  • Using System IV (2001) longitude, which is newly defined from the periodogram analysis, 
    we can account for the periodicity in the long-term data. 
Therefore, we concluded that  [SIT] emission in the plasma torus does not have the System III 
dependence, but varies in the so-called System IV period. Some statements about System IV 
or  -10.2 h periodicity of  [Sil] emission are shown later.
Sporadic Enhancements 
  We have shown that there are sporadic enhancements in  [Sil] emission around the region of 
120°  <  Am  < 180°. Examples of this phenomenon both image and radial profiles were shown in 
Figure 4.1 and Figure 4.17. This is a transient phenomenon that lasts only an hour or so. The 
past studies often showed the maximum intensity of  [SR emission around  Am 180°  (Pitcher 
et al. [1985], Schneider and  Trauger [1995]) and discussed the relation between the peak and 
the so-called active sector of the Jovian magnetic field (see Thomas  [1993b]). 
  From Figures 6.1 to 6.3, we show  [SIT] 673.1 nm intensity distribution in the diagram of 
System III and System IV (2001) longitudes. In these figures, a size of circle is proportional 
to its intensity. As a result, we can see that there are strong emissions in the regions of 
120° <  Am < 180° and 210° <  )iv(2001) < 300° in 1998 at the dawn ansa (Figure 6.1) and 
120°  <  Am < 180° and 240°  <  Aw(2001)  <  330° in 1999 (Figure 6.2) at the dawn ansa, that is, 
the particular domain in  Am -  Al  (2001) diagram. However, there are also weaker emissions in 
the same domain. This type of enhancement does not always occur when the emission region 
come across the particular domain. There are few signatures for such kind of enhancement at 
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Figure 6.1:  [SII] 673.1 nm emission distribution at the dawn ansa in the 1998 observation 
with respect to System III and System IV (2001) longitudes. A size of a circle is proportional 
to its intensity shown as a color code. Brighter emission can be seen around the region of 
 120°  <  Am < 180° and  210° <  Anr(2001)  <  300°.  However, there are also weaker emissions in 
the same regions. 
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Figure 6.2: The same format as Figure 6.1 for  [SIT] 673.1 nm, 
observation. The same as Figure 6.1, some brighter emissions 
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Figure 6.3: The same format as Figure 6.1 for  [SH] 673.1 
dusk (lower) in the 2000 - 2001 observation, respectively. 
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   Sandel and Dessler  [1988] showed about 14 days modulation in nKOM and  Io torus emission, 
and proposed the alignment and anti-alignment of the "active sector" of System III (9.925 h) 
with System IV (10.224 h ;Sandel and Dessler  [1988]). From the difference between both 
periodicities, the same phases of both System III and System IV meet again in every 14.125 
days. When both phases are aligned, emission intensity of the plasma torus increases and the 
occurrence probability of nKOM emission also increases (Sandel and Dessler  [1988]). 
   In the case of our System IV (10.18 h period), a synodic period between the System III and 
System IV periods is about 16.09 days. This period is not small compared with our observational 
span in each year. Therefore, most of our observations experienced only one synodic period 
throughout the span. Therefore, it is  difficult to confirm the relation between the enhancement 
and this synodic period using one dataset. The only observation that covers more than 2 
times of the synodic period is that of in 1998. In this observation, sporadic enhancements were 
confirmed in August 25, and September 24 and September 25 in 1998, almost 2 times of synodic 
period apart. Using the same System IV (2001) longitude for the 1999 observation, the similar 
tendency was shown in the 1998 observation. Therefore, results in Figure 6.1 and Figure 6.2 
are thought to support the phase alignment proposed by Sandel and Dessler [1988]. 
  Although the so-called active sector in System IV shown by Sandel and Dessler [1988] 
is thought to be corresponded to the emission peaks of the reference curves (for example, 
Figure 5.10), what is the active sector in System III ? We could find little relation between  [SII] 
intensity and  Am in our data. 
  When we see the surface magnetic field strength in the northern hemisphere, the region of 
120° <  Am < 180° is a peculiar area, which results from the combination of the offset and 
tilt of the intrinsic magnetic field of Jupiter. Figure 6.4 shows the polar plots of the surface 
magnetic field of Jupiter using the VIP4 magnetic field model (Connerney et al. [1998]). In the 
figure, the  Io flux tube (IFT) footprints (5.9  R3; circles in the figure) and L = 30 footprints 
(crosses in the figure)  are superimposed on both hemispheres. In the northern hemisphere, 
surface magnetic field is strongest in 120°  <  Am  < 180° near the IFT footprints, since an  offset 
of the Jovian magnetic field is toward  Am 148° by  -40.13 R3. A typical L-shell of the ribbon 
(for example L  = 5.7, which is modulated by the dawn-to-dusk electric field) becomes closer to 
the orbit of  Io in this region. 
  Therefore, some part of energy that should excite the IFT footprint aurora and its tail but 
will be reflected due to the strong magnetic field of the footprint of the north, and may be 
converted to play a role in the enhancement of  [SIT] emission when the peak in System IV
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Figure 6.4: Surface magnetic field strength (Gauss unit) of both the northern (left) and southern 
(right) hemispheres using VIP4 magnetic field model. System III longitudes are shown on the 
top, right, bottom and left sides of panels. IFT footprints  (o) and 30  Rs footprints (+) are also 
superimposed on the maps. In the north of 120°  <  < 180°, IFT footprints are near the 
region of strongest magnetic field. 
comes across this region. However, as shown in Figure 6.1, it must be noticed that there are 
also weaker emissions in the same domain of our interest. That is, it is necessary to consider 
some additional conditions to be taken place this sporadic enhancement. 
Long Term Variation 
  The emission intensity of the  Io plasma torus is thought to vary with time according mainly 
to the change in ion supply rate from  Io, that is, the volcanic activity of  Io. And it may be 
affected by an electromagnetic phenomenon in the magnetosphere (for example, variation of 
ionization rate). In order to investigate this type of phenomenon, it is suitable to use the 
long-term observational data. 
  From Figure 4.10 and Figure 4.11, we can see the following results. 
 (1) During a long time series, minimum level of  [SIT] intensity keeps almost constant level. 
 (2) Average intensity of  [SIT] emission varies year by year. 
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Figure 6.5: Maximum intensity  (filled circle) and standard deviation (double circles) of each 
observation with respect to the average intensity. They are proportional to the average intensity . 
 (4) Variation in maximum intensity is large and may not depend on its average (Figure  6.5). 
Then, we discuss these results from (1) to  (4).
(1)
(2):
  The fact that minimum level of emission intensity is almost constant means that there 
is always constant supply form  Io, which is independent of the volcanic activity of  Io . 
That is, the ejection process due to the sputtering from  Io's surface or atmosphere by 
magnetospheric particles may steadily exist. SO2 frost on the surface of  Io and  SO2 
atmosphere of  Io become constant ion source. 
 Yearly variation in average intensity may be caused by the volcanic activity itself. This 
is expected from the results that there were large difference in the volcanic activity of 
 Io between the Voyagers 1 and 2 flybys . Average intensity roughly shows a factor of 2 
decrease between the 1997 and 2000 - 2001 observations. This difference corresponds to a 
factor of  -4.4 decrease in plasma density assuming the same ion partitioning and charge 
neutrality. Between 1997 and 2000, the volcanic activity of  Io totally became smaller 
and smaller. Using average intensity of each year's observation and CITEP, we can 
approximately estimate the total emitting power of the  [SIT] 673.1 nm emission. Here, we 
neglect the dawn-dusk asymmetry and assume  azimuthally symmetry distribution. As a 
result, the total emitting power in the plasma torus of the 1997 observation is  5.7x 1010 W,
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the 1998 observation is 5.1 x 1010 W, the 1999 observation is  4.4x  1010 W and the 2000  -
2001 observation is  3.0x 1010 W, respectively.
(3)  The fact that the deviation is large as much as one-third of its average and proportional 
to the average (Figure 6.5) means that the volcanic activity on  Io, as seen in (2), is quite 
variable, and both the increase and variation of ion density due to the activity become 
large. That is, when a volcanic eruption took place, the quantity of the torus ion responds 
quickly (sometimes greater than a factor of 2) accompanying a fast loss process. As a 
result, variance of emission becomes large. There are following 2 components in ion supply 
due to the volcanoes.
• Quickly supply causing sporadically increase and decrease 
• Steady supply bringing a long term variation
That is, there may be exit both short and long term components in the loss process in 
the  Io plasma torus.
(4):  As shown in previous subsection, maximum intensity mainly reflects the effect of the 
sporadic enhancement which may be caused by synodic period of System III with System 
IV. Maximum intensity also seems to be proportional to the average intensity (Figure 6.5). 
Therefore, the amplitude of the sporadic enhancement is controlled by the volcanic activ-
ity of  Io. If the volcanic activity is small, even if the phase alignment occurs, the sporadic 
enhancement may not be observed. That is, this suggests that the volcanic activity may 
be another condition of the sporadic enhancement.
6.2 Dawn-Dusk Asymmetry
  The dawn-dusk asymmetry is thought to be caused by the dawn-to-dusk electric field (Bar-
bosa and Kivelson [1983],  Ip and Goertz  [1983]). The dawnward shift of the ribbon position 
was derived from our results. Their magnitudes were relatively smaller than the past results 
 Rj; Schneider and Trauger [1995]). This may be mainly caused by the difference of the 
telescope and a spatial resolution. Since we used a small telescope system, a  plate scale of the 
CCD camera becomes  r.0.1  Rj, the same scale as the reported shift. Therefore, we can  see the 
position asymmetry only in the statistical case.
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  All derived shifts shown in Table 4.2 were comparable with the plate scale. From our 
observational results, we confirmed the dependence of the ribbon position on the System III 
longitude. As a result, there is no significant dependence within the spatial limitation of our 
instrument. The position of the ribbon also showed constant value in long series of time not 
depending on  [SII] intensity, that is, volcanic activity of  Io and variation in ion source rate. 
  Intensity asymmetry was obtained from the 2000 - 2001 observation. The ratio of the dusk 
to the dawn (1.23) was consistent with the past results (20  + 5% brighter emission at the dusk 
 ansa  ; Schneider and Trauger [1995]). 
  Judging from our observational result, the magnitude of the dawn-to-dusk electric field was, 
on average, almost constant during our observations. This result means that the dawn-dusk 
electric field that across the inner magnetosphere including the plasma torus is almost constant 
during four years. As a result it is suggested that the ribbon position, which is the boundary 
region between the cold torus and warm torus, is constant neither depending on the volcanic 
activity, ion supply rate nor variability of magnetosphere. To confirm this asymmetry and its 
physical process in more detail, it is necessary to use larger telescope.
6.3 Radial Profile
  The radial profile of  [SIT] emission along the centrifugal equator has information about 
ion distribution in the plasma torus, although it is integrated along the line of sight. At the 
time of the Voyager 1 measurement, there was a peak of S+ ion in the cold torus of 5.3  Rj 
(Figures 1.4 (b), Figure 1.5). That is why  [SII] emission of CITEP result always shows maximum 
intensity in the cold torus (Figure  4.16). However, the actual result of  [SIT] 673.1 nm emission 
after the Voyager usually shows peak in the ribbon region as shown in Figure 1.8 (Schneider 
and Trauger  [1995]). 
  In our case of  [SII] 673.1 nm at the dawn ansa, there are dynamical changes in average 
radial profile year to year (Figure 4.18). In 1998, the torus showed a single peak at the ribbon. 
In 2000 - 2001, twin peaks structure appeared in the cold torus and ribbon. This tendency was 
also confirmed in  [SII] 671.6 nm profiles (Figure  4.19). The structure of the  Io plasma torus is 
not stable but variable, same as the intensity. 
  As can be seen in the dawn ansa of Figure 4.18, although peak intensities showed variations 
of about 550 R (1998), 400 R (1999) and 300 R (2000 - 2001), the intensity of the inner cold 
torus  (r,-,4 - 4.5  Rj) showed almost constant vales of  ,,,250 R. Intensities at  r,-7  Rj also kept
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almost constant. This means that the main component of the variation in the structure of the 
 plasma  torus  is  the  ribbon  region.  It  is  also  interpreted  that  the  inward  peak  seen  in  the  2000  -
2001  observation  may  result  from  the  decrease  of  the  peak  at  the  ribbon.  That  is,  although  the 
structure of the plasma torus is variable due to the ion supply from  Io, there are little difference 
in the region of r>6  Rj and r<5  R. It becomes impossible information when we will physically 
consider the plasma transport and diffusion mechanisms.
6.4 Electron Density 
  The decrease of  [SR intensity in the 2000 - 2001 observation is thought to be mainly caused 
by the decrease of the electron density. We estimated the apparent electron density profile 
using the intensity ratio of  [Sil] doublet (16716/16731) assuming Te  ,5 eV. These results are 
qualitatively consistent with those of intensity variations. However, the magnitude of estimated 
electron density is too small to account for the observed  [SII] emission intensity. 
  Since  [SIT] emission is caused by the collisional excitation with electrons, emission intensity 
depends on both the ion and electron densities (Osterbrock  [1989]), 
 I  a  neni. (6.1) 
Therefore, about a factor of 3 decrease of the electron density in  2000  - 2001 compared with 1998, 
as shown in Figure 4.24, leads to the decrease of emission intensity by a factor of assuming 
the charge neutrality and same ion partitioning in the plasma torus. In such conditions,  [SIT] 
673.1 nm intensity becomes less than 60 R, whereas the observed one is about 300 R. 
  This may partly because of the method for intensity calibrations. As shown in Figure 2.3, 
interference filters (673.1 nm and 671.6 nm) have different profiles with respect to each center 
wavelength and the wavelength at peak transmittance. Since we normalized these transmis-
sion profiles by the peak transmittance of filters, there  are small differences in intensities at 
dawn (shorter wavelength) and dusk (longer wavelength)  ansae compared with each filter. Al-
though  [SIT] 673.1 nm filter shows symmetric profile with respect to the center wavelength,  [SH] 
671.6 nm filter shows asymmetry in its profile and the peak is shifted toward short wavelength 
from the center. We have little information on the just accurate wavelength that passes through 
the interference filters. Since the contribution of this effect for each intensity is small (only a 
few percents), we have neglected this contribution in our analysis. However, it may affect when 
we took the ratio of intensities. Therefore, we relatively overestimated  [SIT] 671.6 nm intensity 
at the dawn ansa compared with that of  [SIT] 673.1 nm.
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  The electron densities that we estimated are the apparent ones including the effect of inte-
gration along the line of sight. The relation between the true meridional electron density and 
the apparent electron density does not always show a linear relation . To clarify this problem, 
it is necessary to reconstruct images using a tomography. 
   In this estimation, we assume that there are only thermal electrons of Te  ,5 eV. However, 
although the abundance is quite small, there are also supurathermal electrons in the plasma 
torus (Bagenal  [1994]). There is a problem for energy source of the torus emission called the 
energy crisis (Smith et al. [1988]) that the total emitting power of the plasma torus cannot 
account for the intrinsic energy obtained from the Jovian rotation, that is, it is necessary to 
consider additional energy source. Barbosa [1994] pointed out that the  inclusion of a small 
0.2% of supurathermal electrons having  'keV energies would solve this problem. Similarly, 
the existence of the supurathermal electrons may play a role in this discrepancy between the 
estimated electron density and observed  [SII] emission intensity. It is necessary to consider the 
contribution of supurathermal electrons for the collisional excitation of ions. 
  Although there is contradiction in the magnitude of estimated electron density and  [SIT] 
intensity, we concluded that the decrease of the electron density in the 2000 - 2001 observation 
was real. We have no information about the cause of this electron density decrease now , 
however, have a hope to solve this question. There was the closest approach of the Cassini 
spacecraft to Jupiter in December 30, 2000, and many researchers observed Jupiter with various 
method in this period. The answer to the present problem might be going to be clear soon.
6.5 10.2 Hours Periodicity 
  From our observations, we found  —40.2 h periodicity of  [SII] emission from the  Io plasma 
torus, about 3% longer than System III Jovian rotation (9.925  h). This type of periodicity 
has been reported by the past studies, such as Roesler et  al. [1984] (10.20 h), Sandel and 
Dessler  [1988] (10.224 h), Woodward [1992] (10.14 h) and Brown [1995] (10.214 h). Although 
the periodicities including our results are clear, a source to produce such periodicity in the 
Jovian magnetosphere has never been made clear. 
Corotation Lag 
  It is the simplest idea that this longer period is caused by lags from the rigid corotation. 
Velocity difference between System III and 10.2 h period near the orbit of  Io becomes  ,2.2 km/s.
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If ions in the plasma torus rotate with  -,3% longer period than System III, it can be detected 
with a high-resolution spectrograph as the Doppler shift. Brown  11994] carried out this type 
of observation and obtained the velocity differences form the rigid corotation. As a result, he 
showed larger deviation from the rigid corotation near the orbit of  Io, which is caused by the 
mass loading of freshly injected atoms from  Io. 
  However, there are differences between the periodicity in Figure 1.9 (a) and derived devia-
tions from corotation in Figure 1.9 (b) at the same position (Brown  [1995]). The lag caused by 
the mass loading  Aw is expressed, assuming a spin-aligned dipole (Pontius and Hill  [1982]), 
 vi_A/IL4  • Ac..) =  (6.2) 
 47rEMBN1 -  L-1dL' 
where  vi is velocity of ions relative to  Io's motion  (-47 km/s at  Io),  M is the total rate of 
plasma mass production, B0 is the equatorial surface magnetic field strength  (-,4.2 G), L is a 
dimensionless parameter normalized by 1  R3 and  E is the height integrated Pedersen conduc-
tivity in the Jovian ionosphere. Considering the mass loading by freshly ionized materials, it is 
reasonable to consider that the corotation lag shows maximum value near the orbit of  Io and 
its magnitude differs from position to position, as shown in Figure 1.9  (b). According to the 
results of Brown [1994, 1995], it is concluded that corotation lag may not be the source of this 
periodicity. 
  If plasmas in the  Io torus have a steady lag to the rigid corotation, it produces electric 
power, that is, there are potential differences across the torus. In our case of 10.18  h period-
icity, the difference of angular frequency between the System III and 10.18 h periods becomes 
 P-4.4x  10-6  [rad/s]. In the simplest approximation (spin aligned dipole magnetic field), 
when we assume the length of interaction region is 1  R3 (5.5 - 6.5  Rj), potential difference 
across the torus becomes, 
                                                 6.5Rj 
         V =  Av  x  Bdr (6.3)                             f5.5Rj 
 6.5  ( 1  2                Rs2d30,Awf - dL (6.4)                                          5,5  L 
         260 kV. (6.5) 
where B  Bo  3. This large value is almost the same level as the well-known voltage caused 
by the interaction between the Jovian magnetic field and  Io  (,-410 kV). If such potential differ-
ences existed around the torus, they would produced the  "Io plasma torus footprint  aurora". 
However, there is no evidence which shows such type of aurora.
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Figure 6.6: A phase plot of the intensity at 6  Rj on the dawn ansa with respect to  Aiv  (1992). 
Data between March 29 and April 20, 1992  (x  ) shows different phase and intensity level com-
pared with other data (A). However, periodicity itself was the same within the month shown 
in crosses (after Brown  [1995]).
Stability of System IV 
  As an explanation of the periodicity longer than System III period by about 3%, Sandel and 
Dessler [1988] proposed the dual periodicities in the Jovian magnetosphere. That is, Jupiter 
itself has the origin of the longer periodicity as the System IV period . They also defined the 
System IV longitude using 10.224 h period, based on  UV emission from the torus observed with 
Voyager UVS, nKOM emissions observed with Voyager PRA and some ground-based optical 
observations (Brown and  Shernansky [1982], Roesler et al.  [1984]) of the torus emission. 
  Brown [1995] also recognized the periodicity obtained from his 6 months of observation 
as the system. He suggested that System IV is the period at which plasmas in the  Io torus 
truly rotates. Taking this idea, we defined our System  IV longitude  AN(2001) as shown in 
Equation (5.20). As a result,  [SII] 673.1 nm intensity shows the consistent trend with respect 
to our  )iv(2001) between the 1998 and 2000 - 2001 observations (Figures 5.14, 5.15). However, 
in 1997, phase with respect to  Aw(2001) is completely turned over as shown in Figure 5.16. Such 
phenomenon was also reported by Brown [1995] as the "phase shift", shown in Figure 6.6. There 
are differences in phase and intensities between the ordinary state (A) and anomalous state 
 x  ; between March 29 and April 20, 1992) in the figure. Although, the intensity and phase 
were changed, periodicity itself never changed even in the anomalous state (Brown  [1995]).
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Woodward et  al. [19971 also showed the phase shift. They re-analyzed the data of Woodward 
[1992] dividing into two spans. As a result, they obtained 10.18 h periodicity from both data. 
  Brown et  al. [1998] carried out observation of  [SIT] 673.1 nm emission during  —150 days 
in 1997 using the same instrument that used by Brown [1994, 1995] and Brown and Bouchez 
[1997]. In these observations, they were not able to find System IV  periodicity when they 
used the all data. However, there was System IV periodicity within some clusters of data as 
shown in Figure 6.7, where phase of the System IV changed with time in this year. Our data 
in the 1997 observation was carried out between DOY 238 and 252, just coincident with their 
second cluster in Figure 6.8. Figure 6.7 shows  [SII] 673.1 nm intensity at both ansae of our 
observation in 1997, which is plotted based on Brown's System IV longitude,  Aw(1992).  [SIT] 
intensity shows the intermediate phase pattern between the second and the  third examples in 
Figure 6.7. This is consistent with the result that our observation in 1997 shows quite different 
phase compared with other year's data. 
  We examined the stability of our System IV longitude, using the data of Woodward [1992], 
which were observed for 36 days in 1988. Since Jupiter's orbital period is almost 12 years 
(11.862 years), the relative positions between Jupiter, the Earth and the Sun in 1988 were 
almost the same as our observation in 2000 - 2001. Figure 6.9 shows phase plots of  [Sil] 
673.1 nm intensities of Woodward's observational data using our  Aiv  (2001). Since his data are 
average intensities over a circle of diameter of 2.0  Rj or 2.7  Rj, centered on the torus at 6  Rj, 
the magnitudes of the emissions is relatively small. Although, the plotted data seem to show 
the variation with  Ai-v(2001), phase patterns are somewhat different form Figures 5.14 and 5.15. 
This may indicate that our definition of  Aw(2001) is not suitable for this time of observation. 
  The anomalous state in Figure 6.6 took place between March 29 and April 20, 1992 (2448710.5 
and 2448732.5 in Julian Day). In this period, the "outburst" of  [SIT] emission was observed as 
shown in Figure 1.10. Although it was not mentioned in Brown and Bouchez [1997], the fact 
may imply that the outburst is thought to be one of the most probable cause of the phase shift, 
or excitation of a new oscillation. 
  Above discussion suggests that the periodicity of System IV is not always stable, but some-
times changes its phase, or sometimes fade out and then regenerates with similar periodicity 
and different phase. Although  [SIT] intensity shows the so-called System IV periodicity, the ap-
parent motion of the plasma torus itself does fixed with the planet as can be seen in Figures 4.1 
and 4.2. In order to satisfy both intensity variation with System IV and the apparent motion 
of the torus with System III, it is expected that plasmas in the plasma torus must rotate with
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Figure 6.7:  [SIT]  673.1 nm intensity with respect to System IV longitude at the dusk ansa in 
1997 (after Brown et al.  [1998]  }. Our observation in 1997 was carried out between DOY 1997 
238 and 252.
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Figure 6.8:  [SIT] 673.1 nm emission at the dawn  (o) and dusk  (•) in the 1997 observation 
with respect to Brown's System IV. Variation against  Aw(1992) shows intermediate tendency 
between the second and the third circles in Figure 6.7.
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Figure 6.9:  [SIT] 673.1 nm data observed by Woodward  [1992] with respect to  Aw(2001). Phase 
patterns are different from our results between the 1998 and 2000 - 2001 observations.
System IV along the orbit of the torus. If this periodicity is caused by Jupiter's own system, the 
length of the period should never change with time. To confirm the stability of the period, it 
is necessary to continue acquire the data continuously with the comparable quality and weight 
for a long span.
Some Ideas of 10.2 h Periodicity 
Magnetic Oscillation Excited near the  Io Torus 
  Considering the phase shift and quasi-stable periodicities of  [SIT] emissions, there is also 
possibility that electromagnetic oscillation plays a role in 10.2 h periodicity. Now we suppose 
the principal oscillation of the magnetic field which is excited in the vicinity of the torus. As 
the magnetic field oscillations, the toroidal and the poloidal mode oscillations are considered 
in this case. 
  In the case of the toroidal mode oscillation, it is thought that a oscillation, whose angular 
frequency is  ww (System IV frequency) and wave number m is small (1 or 2), changes the plasma 
distribution in the torus and causes emission intensity variation with  wiv (10.2 h  period). On 
the other hand, in the case of the poloidal mode oscillation, a oscillation, which is excited in
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the meridian including the torus, beats with the System III period and produces the angular 
frequency of wiv. As a result, modulation in the plasma density is produced and results in 
10.2 h periodicity. 
   However, it is necessary to make the frequency of the excited oscillations constant at  ww. 
Considering the actual plasma environment, it is thought to be quite  difficult to keep the stable 
periodicity within a few percents of accuracy for a long time. Therefore, these ideas should be 
ruled out. 
Mysterious Relation between the 10.2 h Period and  Io's Orbital Period 
   A difference in the period between System III and 10.2  h is about  3%. Therefore, the velocity 
difference between System III and 10.2 h period at the orbit of  Io (r = 5.91  Rj) becomes, 
 AV = 5.91 x 0.03 x  VSys  III (6.6) 
                          = 2.23 [km/s], 
where  Vsys  m is 12.56  [km/s/Rj]. Between  Io's orbital period  TIo (42.46 h) and  AV, we found 
following relation, 
 27r.Rj  •  5.91 
  ti T
Io 
 8AV. (6.7) 
This means that  Io's orbital velocity (17.3 km/s) is quite close to with 8 times of  AV. If 
the equal sign is completely valid in this relation,  AV becomes 2.17  km/s, or 2.92% of the 
corotation velocity at the  Io's orbit (74.2  km/s). This quantity is quite similar to the difference 
of Brown's System IV period with respect to System III period of 2.91% (Brown  [1995J). This 
relation is also expressed as follows, 
          11 1 
     8  (6.8)                        (Tsysiii  Tsysw  71) 
where  Tsysiii and  Tsysiv are the System III and System IV periods. In addition , it takes 338.68 h 
that  Io revolves eight times about Jupiter. This corresponds to 14.15 days , quite close to 14.2 
days, which is the synodic period of System III and Brown's System IV. 
  Although physical meaning of the truth is unknown, this might suggest certain types of 
dynamical resonance in the plasma torus. However, this relation is only applicable at the 
position of the orbit of  Io (r = 5.91  Rj). To account for the 10.2 h periodicity in the entire 
plasma torus, it is necessary to consider the both inward and outward propagations of this 
                                                           2.92% ). relation keeping the ratio of AV and corotation velocityc nstant  (AV/r VSysIII =
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6.6 Support data for Haleakala Observation 
  After the observation at Haleakala, we carried out observation at Sendai using the same 
instrument on February 20 and 22, 2001. And we succeeded in detection of interesting phe-
nomena at the dusk ansa. In the lower panel of Figure 5.12, there was peculiar emissions 
around  Aw(2001) 150° with higher intensities, which correspond to the end part of data in 
Figure 4.10  (d). They were thought to be the signatures of the beginning of the outburst. 
  Figure 6.10 shows  [SIT] 673.1 nm emission at the dusk ansa in the 2000 - 2001 observa-
tion with respect to  Aw(2001) again, superimposing the data observed at Sendai (red circle). 
Although there are only 6 data points, Sendai data shows enhanced intensity. 
  Paying attention to Sendai data, there is an intensity peak near  )qv  --150°, the same as a 
peculiar emissions in Haleakala data. System III longitude of  these emissions range from 120° 
to 190°, almost corresponding to the region of 120° <  Am <  180°. This figure suggests that 
the outburst occurred in the end part of observation at Haleakala. As a result, intensity level 
of  [SIT] emission recovers the previous years' level. Figure 6.11 shows radial profiles of  [SIT] 
emission observed at Sendai. As can be seen in each panel of the figure, the radial profile shows 
a single peak structure of the ribbon, the same as the 1998 observation (Figure 4.17). There is 
no longer twin peaks structure. 
  As mentioned above, characteristics of  [SIT] emission became completely different only within 
2 months. In this way, as mentioned in the Section 6.1, once some triggers happened, the  Io 
plasma torus becomes highly variable state.
6.7 Future Plan 
  We have carried out four years observation of the plasma torus using the transportable 
system. As a result, we were able to derive the variability of the plasma torus over a few years. 
The  Io plasma torus showed a dramatic changes both in intensities and structures. However, 
since the orbital period of Jupiter is 11.862 years, we have  only observed a snapshot in a quarter 
part of the Jovian year. To clarify the variable phenomena in the plasma torus, it is necessary 
to continue this type of observations. 
  Moreover, it is important to carry out spectrographic observations alike Brown [1994, 1995] 
combined with this imaging observation. We have prepared a high-resolution spectrograph 
which is combined with 60 cm telescope in  Iitate observatory. Using the spectrograph, we can 
observe both  [SII] 673.1 nm and  [SIT] 671.6 nm simultaneously (Figure 6.12). Therefore, the
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Figure 6.10:  [SII] 673.1 nm at the dusk ansa in the 2000 - 2001 observation with respect to 
System IV (2001) longitude. Black circles mean the data observed at Haleakala and red circles 
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Figure 6.11: Radial profiles of  [SIT] 673.1 nm at the dusk ansa in 2001 Sendai, about 2 months 
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emissions from  To  (right). Slit configurations at the time of observations are also plotted (upper 
panels).  [SII] emissions showed blue-shift because of the Jovian rotation.
system is useful to estimate the electron density using the intensity ratio. We are going to 
observe not only  [SII] doublet, but also other species in the plasma torus. Then we will be 
able to investigate the differences in distribution and periodicity of each ion species, which will 
bring an important insight to understand the periodicity in the plasma torus.
Chapter 7
Conclusions
  In this study, we made imaging observations of  [SII] 673.1 nm and  [SIT] 671.6 nm emissions 
from the  Io plasma torus for 4 years. To come true such observations , we developed the 
transportable telescope system and observation method. This system was drawing near its 
perfection year by year, and became almost the finished products by means of introducing the 
temperature control unit of the interference filter in the 2000 - 2001 observation . 
  To investigate variability in the plasma torus, we also developed the image reduction , in-
tensity and position calibration methods, and accomplished them to the level that can be 
qualitatively compared with the yearly observations. Owing to these methods, we were and 
will be able to obtain reliable results from observational data . 
  As a reference of the standard torus, we used the Colorado  Io Torus Emission Package 
(CITEP, Taylor et al. [1995]) model. As a result, we found that the apparent intensity variation 
during one Jovian rotation caused by geometry is only  ±10%. Also, the dawn-dusk asymmetry, 
which is thought to be caused by dawn-to-dusk electric field (Barbosa and Kivelson [1983], 
Ip and Goertz  [1983]) and electron density distribution along the centrifugal equator using 
intensity ratio of  [SIT] 671.6 nm to  [SII] 673.1 nm were confirmed with CITEP. 
  From the analyses of the variation of the  [SIT] 673.1 nm emission from the  Io plasma torus, 
we obtained following results. 
 (1)  [SII] intensity has little dependence on the System III longitude  (Airi), although the 
    apparent motion of the entire torus structure is synchronized by the System III Jovian 
    rotation period. This result requires the alternative interpretation on the longitudinal 
    asymmetric distributions of the plasma torus. 
 (2) There are sporadic enhancements of intensity around the region of  120°  <  Am  <180°  in 
                             131
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    the 1998 and 1999 observations, indicating that the plasma injection is developed in a 
    peculiar phase of the planetary rotation. 
 (3)  [SIT] intensity shows day-to-day variation without the relation to the planetary rotation 
    phase. This variation is probably thought to be mainly caused by temporal variations in 
    the volcanic activity. 
 (4)  [SIT] average intensities show yearly variation exhibiting the gradual decrease for these 4 
    years, especially in the 2000 - 2001 observation. 
 (5) The dawn-dusk asymmetry was confirmed both in position of the ribbon and emission 
    intensity. Positional difference between the dawn and the dusk of  f‘,0.2  Rj  (-0.1  Rj 
    displacement toward the dawn) was derived from the 1998 to 2000 - 2001 observations.
 (6) The radial profile of  [SII] 673.1 nm varied from a single peak structure in the warm plasma 
    torus to twin peak structure in the cold torus and warm during the period from 1998 to 
    2001. 
 (7) Using the ratio of averaged radial profile of  [SII] 671.6 nm to  [SIT] 673.1 nm, the statis-
    tical electron density profiles were estimated along the centrifugal equator. The electron 
    density showed large decrease in the 2000 - 2001 observation. 
  Most of the observational results showed that the plasma torus was in an anomalous state 
during the 2000 - 2001 observation. There were some changes in plasma environment in the 
plasma torus. 
  From the periodicity study using the weighted Lomb-Scargle periodogram,  [SII] 673.1 nm 
intensity showed  ,,,10.2 h periodicity, somewhat longer than System III rotation period of 
9.925 h, between the 1998 and 2000 - 2001 observations. Although there are some differences 
in obtained periodicities between our results, they are consistent within the uncertainty of the 
periodogram. Using our period of 10.18  h obtained from the 1998 observation, we defined the 
System IV (2001) longitude as the CML of this system on UT 00:00, January 1, 2001, becomes 
 0°. As a result, all data between 1998 and 2000 - 2001 shows consistent tendency with this 
longitude, except for the data of the 1997 observation probably because of the phase shift in 
1997 (Brown et al. [1998]).
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   Based on the results of long term observation of the  [SII] 673.1 nm emission and physical 
discussions, we derived following conclusions. 
 (1)  [SII] 673.1 nm emission intensity does not have the System III dependence, but has the 
    10.2 h periodicity. 
 (2) Sporadic enhancement takes place in the particular domain in System III - System IV 
    diagram. This is thought to be caused when a combination of the synodic period of 10.2 h 
    period with System III period of 9.925 h and some additional conditions such as volcanic 
    activity of  Io are satisfied. 
 (3) It is suggested from long term variation that there are two components in the plasma 
    source.  The one is the steady supply, and the other is the sporadic one. 
 (4) Gradual yearly decrease of [SII] 673.1 nm intensity suggests that volcanic activity of  Io 
    seemed to be in the declining phase in the recent four years. 
 (5) Total emitting power of  [SII] 673.1 nm was estimated to be an order of 1010 W, on 
     average. 
 (6) The magnitude of the dawn-to-dusk electric field was kept constant within the spatial 
    resolution of our instrument, in spite of large changes in  [SII] emission intensity. 
 (7) The average radial profiles showed large change near the position of the ribbon, which 
    the positions of r >5 R3 and r  r  7  KT were not so changed. This result is important in 
    considering the plasma transport and loss mechanisms in the plasma torus. 
 (8) The estimated electron density in the 2000 - 2001 observation was too small to account for 
    the observed emission intensity. Although this may partly because of the small problem in 
    data reduction, the inclusion of supurathermal electrons for excitation of ions is suggested. 
 (9) Although the physical explanation for the cause of 10.2 h periodicity could not be proposed 
    in this study, it is certain that the periodicity as the Jovian system exists and related to 
    the same plasma phenomena and the generation of some kind of Jovian radio waves. 
  Although we observed the  Io plasma torus during 4 terrestrial years, since Jovian year is 
11.862 years, it is necessary to continue to carry out this observation to clarify the existence 
of seasonal variations and also the solar activity dependence in the plasma torus. Moreover,
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it is important to make observation with the high-resolution spectrograph. Combining both 
imaging and spectrographic observation, we are going to investigate more about the variability 
of the  Io plasma torus.
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Appendix A
A.1 CML
  As shown in Figure  A.1, a Central Meridian Longitude (CML) is a longitude toward the 
observer (in this case, Earth). In the case of our study, it is System III (1965) longitude that 
is used as CML. The accurate period of the System III rotation is 9  h 55 m 29 .711 + 0.04 s. 
 The System III (1965) longitude is defined using the ephemeris time (ET) as the CML on ET 
00:00 January 1, 1965 would become  217°.595 with a siderial rotation rate of 870.536  [°  /day] 
(day means Earth's day of 24 h). The definition of System III (1965) with repsect to Jupiter's 
vernal equinox (JVE) is (Seidelmann and Divine  [1977]), 
 A111 = 329°.452 + 870°.536(t — t1), (A.1) 
where t1 is the Julian ephemeris day of 2438761.5, or Modified Julian ehemeris day of 38761 . 
In the equinox of 1950.0 coordinate system, the right ascention and declination of the JVE 
becomes
                 av  = 138°.857 + 0°.079T, (A.2) 
 bv =  16°.734  —  0°.027T, (A.3) 
where T is in Julian centuries from 1950.0.  A111 is converted to the CML as follows , 
 CML  —Ae  +  Am  —  —D' (A.4) 
where Ae is the right ascension of the Earth, c is the light velocity and D is the geocentric 
distance of Jupiter. Among the right ascension and declination of the Jupiter's north pole 
 (a0,80), and Jupiter (a,  5), and the Jovicentric right ascention and declination of the Earth 
(Ae,De), there are following relations (Gurnette and Woolley [1961]), 
 cos  De  sin  P =  cos  Oa  sin(ao  — a), (A.5) 
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                 cos De cos P  = sin  60 cos  S  — cos  60  sin  6'  cos  (a0 — a), (A.6) 
                 sin De =  — sin  60 sin  S — cos  60 cos  S  cos(ao — a), (A.7) 
           cos De sin(Ae +  A) = cos  60  sin  6 — sin  60 cos  S  cos  (a0  — a),  (A.8) 
 cos  De  cos(Ae  +  A) =  —  cos  6  sin(a0  —  a), (A.9) 
where P is the position angle of Jupiter's north pole with respect to the equatorial coordinate 
system and  A =  av+180°, correction term for  difference of the vernal equinox points of Jupiter 
and the Earth. 
  As a result of orbital calculation and these relation, we can obtain Ae, and then, CML is 
derived. 
  Using CML, we also derived the ansa longitudes of dawn and dusk. These are the longitude 
on the plane of sky, that is, CML  90°. 
A.2 The  Io Phase Angle 
 Io phase angle is the geometric position of  Io in its orbit around Jupiter. It is measured 
counterclockwise (as viewed from the north) from superior geocentric (sometimes spacecraft-
centric) conjunction as shown in Figure A.1 . That is, angle increases as the satellite moves. 
To tell the truth, we have no correct definition of the  Io phase angle. We assume a circular and 
no inclination oribit with 1.769138 day period using a certain epoch of MJD 43881.12772946 
at Jupiter  (,-03:40 UT on January 8, 1979 at the Earth. We do not know the certainty and 
reference of this epoch). The equation we used is, 
 Io phase = —Ae + 350°.0186333 + 203°.4889554(t — 43881.12772946). (A.10) 
It is approximately correct if we compare the real and calculated positions of  Io on the image. 
The accuracy of this approximation was confirmed using public data taken with NSFCAM 
combined with IRTF 3  m telescope, whose plate scale is  0.148"  /pixel.
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Figure A.1: A schematic image of  Io - Jupiter system viewed from the north . Dashed line 
indicates the plane of sky, that is, the plane we called as  "ansa". 
A.3 Plasma Supply Rate from  To 
  According to Hill et al. [1983], plasma supply rate from  Io is estimated to be an order of 
 103 kg/s. If  Io will continue to eject material to the magnetorphere at this rate, how many 
years does it take to exhsaust  Io  itself  ? Supply rate from  Io a year becomes, 
                S =  103  [kg/s] x 86400  [s] x 365.25 [day] (A.11) 
                     = 3.16 x 1010  [kg/year]. 
On the other hand, the mass of  Io is thought to be 8.93 x 1022  [kg]. Therefore, it takes 2.83 x 1012 
years to exhsaust the materials  on  Io. Even if  Io will have continued to supply materials at 
the present rate during the remained life time of the solar system of 5 x  109 years, total ejected 
mass from  Io will become only 0.18% compared with the total mass of  Io. There is no problem 
in the estimated plasma source rate from  Io.
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